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Abstract

:

Featured Application


The Intergovernmental Panel on Climate Change (IPCC)’s Sixth Assessment Report (AR6) recognizes the physico-chemical process known as carbonation. The present paper utilizes a way of calculating carbon dioxide uptake quickly and easily following the simplified methodology known as Tier 1 applied to the largest cement consumer in South America.




Abstract


The worldwide cement industry plays an important role in addressing the climate change challenge. Brazil’s cement industry currently has 91 cement plants with an installed production capacity of 94 million tons per year and has started to calculate the net CO2 emissions to achieve a carbon-neutral cement sector by 2050. Accordingly, the carbon dioxide uptake due to mortar and concrete carbonation is subtracted from the carbon dioxide emitted by the chemical reaction for the calcination of lime, i.e., the calcination process performed during clinker production. Now-adays, the Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas (GHG) Inventories to report the GHG emissions do not include any calculation procedure to consider the mortar and concrete carbonation. However, the Intergovernmental Panel on Climate Change (IPCC)’s Sixth Assessment Report (AR6) recognizes the physico-chemical process known as carbonation. Brazilian net carbon dioxide emissions of cements produced from 1990 to 2019 are estimated considering the carbon dioxide uptake during the service-life and end-of-life and secondary usage stages (Tier 1). This is a fundamental scientific and technological novelty that changes the current approach to estimate the carbon dioxide emissions due to the Portland cement clinker production. Even considering the relative novelty of this approach, it should be promoted in the future and included in the national inventory report (NIR). The carbon dioxide uptake by mortar and concrete carbonation for 30 years is about 140 million tons. Within this thirty-year period about 483 million tons have been released due to the calcination process.
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1. Introduction


The international climate change context is undergoing increasingly rapid change, forcing citizens, industry, and countries to mitigate carbon dioxide ever more quickly if they do not want to be excluded from the developments that are shaping the world. Accordingly, the global cement industry is always looking for innovations to cut emissions.



Carbon dioxide uptake by concrete carbonation can help induce systemic changes by improving the assessment of anthropogenic carbon dioxide emissions. Such meaningful systemic changes will not have immediate results, but are expected to yield innovative products, production processes, and business models, i.e., low-carbon cements and concretes, carbon dioxide curing, circular business models, etc. All of these will be critically important for achieving transitions to net-zero carbon emissions.



1.1. International Climate Change Context


The Intergovernmental Panel on Climate Change (IPCC), which is the United Nations body for assessing the science and establishing policy-relevant facts related to climate change, has recently developed an analysis of key findings on the impact of the increase in CO2 emissions on climate change [1]. The IPCC’s Sixth Assessment Report examines the sources of global emissions and provides an updated assessment of the progress on climate change mitigation. As is the case with most environmental science research, assessing causality is a significant challenge, which in this instance is to determine the relationship between the impact of national climate commitments and long-term emissions goals outcomes. The IPCC’s Sixth Assessment Report (AR6) sets in its first part entitled “Climate Change 2021: The Physical Science Basis” [2] that “the uptake of CO2 in cement infrastructure (carbonation) offsets about one half of the carbon dioxide emissions from current cement production”. Furthermore, it is also mentioned that the carbon budget has been improved by adding a method for estimating the carbon dioxide emissions from cement production and the sink associated with mortar and concrete carbonation. Finally, in March 2023, the Intergovernmental Panel on Climate Change (IPCC) has considered the Synthesis Report, the closing chapter of the Sixth Assessment Report (AR6), at its 58th Plenary Session which was held in Interlaken, Switzerland. This Synthesis Report integrates all the findings collected in the six reports released by the IPCC during the Sixth Assessment Cycle which began in 2015, i.e., three Special Reports plus three Reports made by the IPCC Working Groups [3].



China has proposed a goal to achieve carbon neutrality by 2060 and Dinga and Wen [4] recognized that the cement paste in concrete can take up as much carbon dioxide emissions as that produced during calcination. Moreover, accounting for carbon dioxide due to carbonation could represent a significant impact in decarbonizing China’s cement industry. Considering 15% of the carbon dioxide uptake of all the carbon dioxide produced by calcination, carbonation will aid in reducing 8.8% of global emissions by 2060. Therefore, it is essential for China to add carbonation effects when constructing its carbon dioxide emission inventories for the cement industry. This approach is consistent with what is currently known regarding the carbon dioxide uptake by cement-based materials [5]. Summing up, achieving carbon neutrality in China’s Cement Industry by 2060 is possible under advanced and aggressive abatement scenarios.



Zhang and Wang [6] proposed to develop a multifaceted approach to reach carbon peaking in the cement industry, i.e., to achieve the point at which carbon dioxide emissions from the cement industry attain the highest level and then subsequently drop. Furthermore, the idea that the global cement industry has a huge potential to bring about changes to minimize global warming was supported.




1.2. General Background on the Carbonation as a Stage in the Decarbonization Roadmaps


Petroche and Ramírez [7] performed a life cycle assessment (LCA) based on Ecuadorian inventories to assess the environmental sustainability of the cement industry in Ecuador. They concluded that it could be applied to the broader Latin American region. Global Warming Potential (GWP) for clinker was 897 kg CO2/ton and 126–442 kg CO2/m3 for ready-mixed concrete. Nevertheless, they do not yet consider the concrete carbonation process in their life cycle assessment (LCA).



Hon Chung Lau [8] presented the decarbonization roadmaps for the ten ASEAN countries for the first time. Countries belonging to the Association of Southeast Asian Nations (ASEAN) are Brunei Darussalam, Burma, Cambodia, Indonesia, Laos, Malaysia, Philippines, Singapore, Thailand, and Vietnam. The ASEAN countries are rich in natural resources containing up to 20% of all known species of the world. The equator passes through both the north of Brazil and Indonesia. Thus, some climatic similarities between some regions of Brazil and the ASEAN countries can be found. However, the ASEAN area is facing a substantial increase in temperature and rainfall intensity and duration, with frequent floods, droughts, and fires.



Hon Chung Lau [8] highlighted that to decarbonize industries which require high-temperature heating such as the cement sector, hydrogen can be used. In addition, considering carbon capture and storage in the roadmap, it was mentioned in particular that there are 57 Gt of CO2 storage potential in Vietnam, Thailand, Philippines, and South Sumatra. Nevertheless, the roadmap has, unfortunately, not considered the cement-based materials’ carbonation yet.



The technical and economic systems that serve to minimize waste and maximize the reuse of resources, material efficiency measures, biofuel substitution, renewable electricity usage, and carbon capture and storage are known as “the new circular economy paradigm”. Recent studies based on this paradigm have demonstrated that carbon dioxide emissions associated with Building Design + Construction and transport infrastructures can be lowered about 50% by 2030 and 90% by 2045 [9]. However, while concrete structures can uptake part of the embodied carbon dioxide if exposed to air, this is not considered in some recent studies [10]. By contrast, the same authors included concrete carbonation in the reference LCA study.



A limited number of reviews have been performed to shed light on the capacity of concrete for natural carbonation, carbonation curing, and mineral carbonation, which are either focused on one of these carbonation procedures or oriented to assess the impact of carbonation on the mechanical and durable properties of the concretes [11].



Accelerated carbonation as an effective approach for reducing the carbon footprint in cement-based materials has been widely researched. With regard to the selection of carbon dioxide utilization products, three criteria are assessed for each product: technology readiness level (TRL), carbon dioxide uptake potential, and energy demand. The technology readiness level (TRL) definitions of the different technological routes were provided in the Horizon 2020 Work Programme [12]. Carbonated concrete and aggregates production via carbon dioxide mineralization is at TRL 9 “actual system proven in operational environment”. Some examples are Solidia Cement™ and CarbonCure™ to produce carbonated cement by carbon dioxide curing technology and Carbon8 for carbonated aggregates [13].



Sereng et al. [14] studied accelerated carbonation on recycled concrete aggregates (RCAs) and recorded a mean value of CO2 uptake of about 15–20 g/kg RCA. In addition, accelerated carbonation reduced by 67% the water absorption coefficient, decreasing the total porosity as a result of the capillary pores clogging. By contrast, RCA microporosity is increased as a result of the C-S-H gel decalcification. In particular, Bretti and Ceseri [15] modeled the effects of climate change on the porosity of Portland cement paste. Guo et al. [16] found that the carbon dioxide uptake per mass of cement paste reached 22–26% after a 28-day carbon dioxide curing. Also, the total porosity decreased as a result of the reduction in the pores volume with diameters less than 50 nm.



Silva et al. [17] found promising results in the cement paste powder generated in the recycling process of concrete, which is a material composed mainly of hydrated cement, and was subjected to carbonation. Hu et al. [18] found that the addition of polypropylene fibers enhanced the CO2 uptake of cement-based materials subjected to the CO2-curing process. According to Xuan et al. [19], the use of eggshell powder added to the Portland cement under carbonation-curing conditions improved the mechanical characteristics and durability of the cement-based materials. Furthermore, Wang and Wang [20] reported that the use of biochar with LC3 binders could enhance the environmental benefits of Portland cement.



Alimi et al. [21] assessed the impact of cement kiln dust (CKD) on the carbon dioxide uptake of concrete. Two CKDs with different fineness were used as a cement constituent (0–60%) in two mortar mixes (water/binder ratios of 0.5 and 0.425). Mortar specimens were subjected to accelerated carbonation curing for 12 h. The global carbon dioxide uptake in CKD mixes was less than those of the control mixes. However, the relative carbon dioxide uptake, given as a percentage of the cement content, was higher in mixes made with the finer CKD at the higher water/binder ratio. Accordingly, it was concluded that the replacement of cement by CKD promoted a reduction in the carbon dioxide uptake of mortars.



Merino-Lechuga et al. [22] studied the effect of accelerated carbonation on the properties of precast concretes made with natural and recycled aggregates. Natural aggregates were replaced by recycled aggregates and two carbonation conditions were used: accelerated carbonation (5% CO2) and natural carbonation (atmospheric carbon dioxide). The accelerated carbonation increased the density, the compressive strength, and the carbon dioxide capture, which was 525% higher compared to curing under natural carbonation. Therefore, carbon curing is a promising technology to mitigate the effects of climate change. Consequently, the effective CO2 sink process of precast concrete elements was suggested.



AzariJafari et al. [23] evaluated the carbon dioxide uptake of the U.S. pavement network for 30 years (2020–2050) during its use and end-of-life stage. Their study showed that 5.8 million tons of carbon dioxide can be taken up by concrete pavements in the U.S. Furthermore, stockpiling the crushed concrete at the end-of-life period could raise the carbon uptake to 11.8 million tons for 30 years (2020–2050). Therefore, concrete stockpiling is a cost-effective method of carbon dioxide abatement ($25–$100/ton of carbon dioxide).



By contrast, Huovila et al. [24] forgot the beneficial effect of concrete carbonation and albedo in their critical review on carbon-neutral cities. In the target category of “built environment and community structure”, the use of recycled materials in infrastructure is mentioned as an action. Nevertheless, in the target category of “carbon sinks, sequestration and biodiversity”, the authors included “Increasing carbon stock of forest and other green areas in city area”, but omitted the reference to the high albedo of the concrete pavements, which has been studied extensively in several cities [25,26], and also did not discuss concrete carbonation. Since cities have geographically bounded areas, which restrict the potential for development of land-based carbon sequestration, a more significant role for other types of carbon dioxide uptake is expected, such as the use of some carbonatable cement-based materials. Furthermore, the use of materials of high albedo in buildings and pavements should be taken into account.



Younsi [27] compared the carbon dioxide uptake calculated with the standardized method described in the European Standard EN 16757 [28] to that calculated with the parameters measured experimentally. It was concluded that the predictions of the European Standard EN 16757 underestimate the carbonation rate, underestimate the carbonation degree (indoor exposure), and overestimate the carbonation degree (outdoor exposure). Accordingly, several adjustments to the parameters given in the European Standard EN 16757 were recommended.



In addition, Younsi et al. [29] studied the carbon dioxide uptake of several types of Portland cement concretes after a 10-year natural carbonation and compared the experimental results with the ones calculated by applying the EN 16757 procedure. The standard procedure underestimates the carbon dioxide uptake of concretes made with additions, mainly as a consequence of their carbonation depth underestimation, especially for concretes with a high ground granulated blast-furnace slag content [30].



Wang and Lee proposed an optimal slag-blended concrete mix design to mitigate the impact of global warming considering compressive strength and carbonation resistance [31].



Finally, it should be taken into account that the net carbon dioxide emissions increase as the compressive strength increases and the carbon dioxide uptake ratio increases [32].



The aim and novelty of this paper is to present, for the first time in the technical literature, a proper factual calculation of carbon removals in Brazil by the carbonation of cement-based materials.



The remainder of this paper is structured as follows: following the introduction, Section 2 presents an outlook of the Brazilian Cement Sector’s current situation; Section 3 provides an overview of the method to estimate the carbon dioxide removals due to carbonation; and Section 4 presents an analysis of the cement production and consumption in America and the carbonation results of Brazilian cement-based materials.





2. The Brazilian Cement Sector


Brazil counts 91 cement manufacturing plants (Figure 1) controlled by 23 industrial groups (Table 1) [33] with a capacity of 94 million tons of cement per year (2022) [33]. The cement production and cement sales were 65.8 and 64.7 million tons in 2021, respectively. Further, the apparent consumption was 64.395 million tons in 2021 (Figure 2). Infrastructure building, housing construction work, and property development contributed to the rise by 6.6% year-to-year from the 2020 cement consumption levels. By contrast, cement sales decreased by 3% year-to-year to 63.1 million tons in 2022, according to the Brazilian National Cement Industry Association (SNIC). This is due to the fact that dispatches dropped in the Southeast, Northeast, and South areas, although sales increased elsewhere in Brazil. In addition, exports fell to 0.40 million tons (2022) from 0.47 million tons (2021). However, the sales forecast for 2023 is an increase of 1%, which would result in a mass market close of up to 64 million tons [34].



Cement manufacturing starts with clinker production in kilns. This stage is the time when direct carbon dioxide emissions occur. Normally, from 30% to 40% of the direct carbon dioxide emissions result from the combustion of fuels and the remaining 60–70% are intrinsic to the chemical process involved in the conversion of limestone to calcium oxide in the formation of clinker (calcination). About 5% of carbon dioxide emissions occur indirectly, primarily because of the electrical consumption by the factory.



In Brazil, fuels combustion represents 36% of the global carbon dioxide emissions, whereas calcination contributes another 63% to the carbon dioxide emissions (Figure 2). In addition, electrical energy contributes approximately one per cent to the global emissions, since renewable sources currently have the largest share in electric power capacity in Brazil (74%).



The period of time between 1965 and 1981 was called the Brazilian economic miracle, while the 1981–2003 period entailed market consolidation with cement consumption ranging from 20 to 40 million tons of cement (Figure 3). From 2003 until 2014, a sharp growth was observed, i.e., from about 35 to around 70 million tons. Later, after a decrease in four years, between 2015 and 2018, there was a rise in the apparent consumption up to values of about 65 million tons (Figure 3).



2.1. The Brazilian Cement Industry’s Potential for Reducing Carbon Dioxide Emissions by 2050


As a developing country, Brazil has a significant infrastructure program to be implemented in the wake of the increase in population and urbanization patterns. Therefore, the demand for cement in the coming decades will rise. The energy-intensive and emission-intensive cement industry would thus be obliged to limit the emission of greenhouse gases. The cement industry globally accounts for approximately 7.4% (2.9 Gtons in 2016) [35] of all anthropogenic carbon dioxide emissions. By contrast, this share is about 2.6% in Brazil because of a set of actions that the Brazilian cement sector has been implementing for years. Consequently, Brazil is one of the countries worldwide that emits the lowest amount of carbon dioxide per ton of cement. Figure 4 shows a comparison of the carbon dioxide emissions per ton of cement (2015) between Brazil (572 kg CO2/ton of cementitious) and some other countries. The Latin American and world average in 2015 were 588 and 637 kg CO2/ton of cementitious, respectively.



The Brazilian cement sector has developed a Cement Technology Roadmap presenting some alternatives for mitigating carbon dioxide emissions from the national industry in the short- and long-term, and for the commitment of reducing carbon dioxide [36]. Accordingly, the Brazilian cement sector has committed to a 34% reduction in carbon dioxide emissions due to the cement production, to 375 kg/ton of cement by 2050 from 564 kg/ton of cement recorded in 2019.




2.2. The Brazilian Cement Sector Roadmap


Brazilian cement production expanded at rates well above 273 per cent between 1990 and 2014, i.e., from 26 million to 71 million tons. By contrast, global carbon dioxide emissions increased by 223% over this period. This result was mostly due to the 18% reduction in carbon dioxide emissions intensity from 700 kg CO2/ton cement to 564 kg CO2/ton cement over this period. Accordingly, the Brazilian cement industry has one of the lowest worldwide levels of specific carbon dioxide emissions, on account of mitigation measures implemented by the Brazilian industry over recent decades [36].



One of the main mitigation measures is the increase in cement constituents, such as limestone and calcined clay, to partially replace the clinker in the final blended cement. It is expected there will be a sharp clinker/cement ratio reduction from 67% (2014) to 52% in 2050, allowing for significant CO2 emissions reduction (290 million tons in the period). Therefore, the carbon dioxide mitigation due to the clinker substitution will represent a 69% decrease.



The average thermal consumption and electricity consumption in Brazil is 3.5 GJ/t of clinker and 113 kWh/t of cement, respectively (Table 2). Although significant changes in cement production energy intensity are not expected by 2030, the replacement of obsolete installations with new lines according to the best available technologies (BATs) might start after 2030 in order to reach figures of 3.2 GJ/t of clinker and 91 kWh/t cement by 2050. These measures will lead to a cumulative carbon dioxide depletion of 38 million tons by 2050 (9% of the Brazilian industry mitigation).



With regard to the substitution rate with alternative fuels (% of thermal substitution), some regional differences have been observed in Brazil. Therefore, the range of substitution could be 30–40% and 50–60% for 2030 and 2050, respectively. Consequently, the carbon dioxide mitigation due to the increase in alternative fuel’s usage is about 13%.



Finally, Carbon Capture, Usage, and Storage (CCUS) technologies will play a key role in decarbonization in the Brazilian cement sector and in addressing the challenge of global climate change. It is expected to reach a cumulative reduction of 38 million tons of carbon dioxide (9% of the Brazilian industry mitigation).





3. Method to Estimate the Carbon Dioxide Removals Due to Carbonation


Within the Intergovernmental Panel on Climate Change (IPCC) reporting, a Tier represents the level of methodological complexity utilized to estimate greenhouse gas emissions for a specific source. Accordingly, Tier 1 is the basic methodology designed for all categories and ready to be used. Consequently, it is feasible for all countries. The 2006 IPCC Guidelines for National Greenhouse Gas (GHG) Inventories to report the GHG emissions give guidance on the choice of the most suitable method to estimate calcination emissions during the clinkerization process, based on national circumstances, and on how to estimate calcination carbon dioxide emissions at each Tier [37].



The Tier 1 methodology followed in the present study utilizes a generalized carbon dioxide uptake factor as shown in Equations (1) and (2). These equations consider the carbon dioxide uptake by mortars and concrete during their whole service life cycles.



Tier 1 is a basic adjustment method to obtain a removal estimate as described in the 1996 IPCC Guidelines [37]. This method is applicable if activity data are available from national sources. The Intergovernmental Panel on Climate Change (IPCC) Tier 1 approach, in which default values are used, is a simple procedure and can be considered as a first step to estimate the carbon dioxide uptake by cement-based materials (mortars and concretes).



There is no country in South America where Tier 1 is currently used. It is therefore of great importance to begin the expeditious implementation of this basic method in the zone.



Based on the studies found in the literature [38,39], we have considered the carbon dioxide uptake in the use stage (20%), during the end-of-life (2%), and for the secondary use (1%).


Carbon dioxide uptake = (0.20 + 0.02 + 0.01) × CO2 emissions from calcination



(1)






Carbon dioxide uptake = 0.23 × national CO2 emissions from calcination



(2)







It is well-known that mortars used for rendering applications will carbonate more rapidly than concretes, i.e., rendering mortars will remove carbon dioxide in a short period of time.



Accordingly, when a high proportion of the cement consumption is used as mortar, i.e., more than 10% but less than 30% (10%–30%), for the carbon dioxide uptake a correction factor should be applied as follows (Equation (3)). The source of the coefficients given in this Equation is the study entitled “CO2 Uptake in Cement-Containing Products. In Background and Calculation Models for IPCC Implementation” [39].


Carbon dioxide uptake = ((0.20 + 0.02 + 0.01) + (0.0115 (mortar factor − 10))) × CO2 emissions from calcination



(3)




where the mortar factor is the percentage for rendering the mortar of the total clinker usage. This value will be 10 when the rendering mortar factor is below 10% and 30 when this value is above 30%.



Summing up, in the last Equation, carbon dioxide uptake can be assessed as a four-terms equation, corresponding to the service life period (20%), end-of-life (2%), secondary use (1%), and then is broadened with an additional term for the mortar. The reason for this is because of the great difference between mortar and concrete regarding the carbonation rate as explained below.



According to Leemann et al. [40], the carbonation resistance in mortar and concrete is mainly governed by the carbon dioxide buffer capacity per volume of cement paste. In addition, the (water/CaOreactive) ratio is an indicator to evaluate such carbonation resistance. This indicates that the higher the cement content in the mortar or concrete, the better the carbonation resistance; and the lower the water/CaOreactive ratio, the better the carbonation resistance.



Masonry mortars usually are made with high water/cement ratios (w/c about 0.60), whereas concretes normally are made with lower w/c ratios [41], as low as 0.45 in some cases depending on the exposure class [42,43]. Furthermore, when the water-to-cement ratio is increased, the capillary porosity is increased. Capillary porosity is the main factor negatively affecting the compressive strength of cement-based materials, in addition to the carbon dioxide coefficient.



The minimum cement content in concrete for the exposure class XC 1 is 260 kg/m3 (C20/25 concrete with 20–25 N/mm2), while for the exposure class XA 1 is 360 kg/m3 (C35/45 concrete with 35–45 N/mm2) [41]. By contrast, there are different grades of cement mortar (M0.5–M7.5), which is the minimum required for 28-days compressive strength (0.5–7.5 N/mm2). The ratio of cement to sand ranges generally from 1:3 to 1:8 for the mortar to be workable and strong. Proportions of the Portland cement mortar for masonry work with brick/stone as the structural unit range from 1:3 to 1:6 (cement:sand); for architectural work it is about 1:6 and for flooring work the cement:sand proportions range from 1:4 to 1:8. Similar proportions can be found in the American Standard Specification for Mortar Cement [44]. It is essential to point out that mortar involves, first and foremost, the use of low-clinker cements. For instance, the clinker content in European masonry cements must be greater than or equal to 25% (MC5) or to 40% for the rest of the masonry cements (MC12.5–MC22.5) [45], leading to a low carbon dioxide buffer capacity.



Accordingly, this indicates that concrete even with a low cement content exhibits a better carbonation resistance than masonry mortars. With regard to the clinker content in Portland cements commonly used in structural concrete, this value can total up to 95% [46].



Concrete is a very strong structural building material composed of water, cement, and sand just like mortar. Nevertheless, concrete also has some coarse aggregates that makes it stronger and more durable than mortar. Mortar, which is composed of water, cement, and sand, has a higher water-to-cement ratio than concrete and, therefore, a higher capillary porosity. Mortar is used as the glue to hold bricks, blocks, etc., together, whereas concrete is mainly used for structural elements.



The main factor influencing carbonation is the pore system which affects the carbon dioxide diffusivity through the mortar and concrete. The carbonation rate is controlled by the penetration of carbon dioxide into their pore structure by diffusion. Therefore, the pore size distribution influences the rate of transport. Factors affecting the diffusion rate include the type and amount of cement, the porosity of the mortar or concrete, and the curing conditions, among other factors [47]. The decrease in the capillary porosity, achieved by lowering the water-to-cement ratio, further decreases the carbonation rate. Therefore, a linear relationship between porosity and accelerated carbonation has been found [48]. In addition, adequate curing conditions are required to avoid this unwanted effect [47]. Most of the worldwide concrete design guides include the minimum conditions for the curing of concretes but not for mortars [42].



Kim [49] highlighted the latest breakthroughs in cement and concrete research, including novel strategies for lowering carbon dioxide emissions in Portland cement production, such as the development of new building materials [50], and the development of mathematical modeling of the reliability of new composite materials [51]. Furthermore, it is necessary to highlight the importance of the prediction of the performance properties and reliability of new building materials [52]. For instance, AL-Kharabsheh et al. [50] suggested the partial replacement of Portland cement clinker in cement with wooden ash and studied its effect on concrete compressive strength and durability, concluding that 10% is the optimum replacement.



The calculation is based on carbon dioxide emissions from the calcination for clinker consumed within the country, rather than clinker produced within the country. To obtain clinker consumption data, the clinker production data were adjusted for imports and exports. Hence, a workbook was prepared including the following data inputs:




	
Brazilian Portland cement clinker production



	
Calcination emissions from Brazilian cement clinker production



	
Imported cement/clinker (as ktonnes of clinker)



	
Exported cement/clinker (as ktonnes of clinker)



	
Percentage of Brazilian clinker used in mortar for rendering








This method has been applied to the cements produced in Brazil from 1990 to 2019, independently of their final use.




4. Results and Discussion


Brazil covers more than 8.5 million km2; therefore, it is the fifth-largest country on the planet. It is subdivided into five geographic regions following the criteria of similarity in social, economic, physical, and cultural aspects, which are named North (N), Northeast (NE), Center-West (CW), Southeast (SE) and South (S). Nevertheless, Brazil has one of the lowest levels of emission intensity across the world as a result of the actions resulting from the various sectoral policies implemented throughout the time period (Figure 2). For instance, electrical energy only contributes 1% of global greenhouse gas emissions in Brazil (Figure 2), since renewable sources currently have a significant share in electric power capacity (74%).



In economic terms, Brazil has held onto seventh place in cement consumption in 2020 in spite of the economic impact of the COVID-19 pandemic (Figure 5). In addition, the United States is the third- and Mexico is the fourteenth-largest worldwide cement consumer, whereas Mexico is the third-largest cement consumer in America.



Brazil, located in South America, is the second-largest cement producer in America and the seventh in the world (Figure 6a). As shown in Figure 6b, the cement consumption keeps growing in Brazil and the U.S.. However, most countries in South America present different market developments. Cement sales skyrocketed in Brazil through the COVID-19 pandemic, due to relatively weak lockdown measures compared to other countries.



Mexico’s rebound in 2020 should have been greater and the Canadian cement consumption maintains its customary level.



Over in Peru, cement dispatches nearly doubled to 6.42 million tons in the first half of 2021 from 3.33 million tons in the same period in 2020. This rebound is attributed to the sales of bagged cement to the self-construction and public sector. In addition, imports (cement and clinker), from Vietnam, Japan, and Indonesia, nearly doubled from 0.76 Mt in the first half of 2019 to 1.4 million tons in the first half of 2021. We also highlight the fact that reported sales rebounded stronger than in Colombia and Argentina.



In Colombia, cement sales rose by 34% year-to-year to 6.20 million tons in the first half of 2021 from 4.61 million tons in the same period in 2020.



With regard to the Argentinian data, Portland cement sales grew by 44% to 5.52 million tons in the first half of 2021 from 3.83 million tons in the same period in 2020. Cement demand in Argentina in 2021 increased sharply. For instance, Loma Negra, a subsidiary of InterCement (Brazil), reported an increase in cement sales volumes of around 3.5%, probably due to the recovery of bulk cement sales, which were negatively affected by the COVID-19 pandemic restrictions in 2020. In 2022, the Argentinian cement market continued to consolidate its recovery from the COVID-19 pandemic. The main source of GHG emissions in Argentina comes from cement production, which represented 21% of emissions in 2016 (4.13 Mt CO2eq per year). Recently, significant actions have been undertaken to lower the clinker factor from 0.70 to 0.65, which will allow for the switch from 547 kg CO2/t of cement (2019) to 502 kg CO2/t of cement [53].



In conclusion, it has been noted that a significant recovery occurred in the larger cement-producing countries in America in 2021. It should be noted that Mexico, Colombia, Chile, and Argentina already use carbon pricing mechanisms, but they are not yet used in Brazil (under consideration in 2023) [54].



Figure 7 shows the cement consumption, production, export, and import figures of fifteen minor American cement producers. Bolivia, Chile, Ecuador, Costa Rica, Cuba, El Salvador, Guatemala, and Honduras reported that their cement volumes fell in 2020. Their cement production also fell, because the measures necessary to contain COVID-19 triggered an economic downturn. At this point, there was great uncertainty. However, it is expected to reset these parameters to their normal levels in 2023.



The main cement production and consumption in the group of the minor cement producers is found in Ecuador, Chile, Bolivia, and Guatemala, in that order (Figure 7). By contrast, Costa Rica is the country that is now exporting more than the rest of the South American countries.



Brazil exported 0.12 million tons of cement in 2018 and Paraguay was the largest recipient of Brazilian exports at 0.092 million tons of cement, followed by Bolivia at 0.023 million tons. This value increased up to 0.15 million tons of cement in 2019 and 0.27 in 2020. Paraguay imported 0.14 and 0.31 million tons in 2018 and 2019, respectively. However, the upward trend stopped as a direct consequence of the slowdown in construction activity due to the COVID-19 pandemic restrictions. Bolivia’s cement demand fell in 2020 as a result of the COVID-19 pandemic (from 3.94 in 2028 to 3.17 million tons in 2020 and zero in 2021 and 2022).



Finally, it is noticeable that Chile is the largest importer of cement in comparison with the rest of the American minor cement producers (Figure 7). Chile, with more than 6500 km of Pacific coastline, is one of the countries with the longest coastline in the world, where a large population is concentrated from north to south. This fact justifies the seaborne imports from Asian countries. In 2011, imports only amounted 0.4 million tons, but one year later the imports increased sharply up to 1.8 million tons. Imports increased steadily and significantly during the period considered, with a maximum value of 3.15 million tons in 2015. Today Chile’s imports account for 2.82 million tons (2022).



Figure 8 shows the clinker production and carbon dioxide emissions in Brazil between 1990 to 2019; whereas Figure 9 gives the clinker exported and imported in the same period. As expected, clinker production growth follows the same trend as the increased carbon dioxide emissions by calcination. From 1990 to 2005, both lines are relatively parallel. Nevertheless, the slope between 2005 and 2015 is double for the clinker production growth compared to the carbon dioxide emissions by calcination. This fact can be explained by the increase in the substitution rate with alternative fuels (% of thermal substitution) from 0% to 14.8% in 2014 (Table 2). This represents a carbon dioxide mitigation of about 7%. From 2015 up to now, both lines in Figure 8 become parallel again. This is because technical improvements were slowed down during this period of time.



Clinker production increased from 20 million tons in 1990 to 47 million tons in 2015. That is, the clinker production doubled in 25 years (between 1990 to 2019) (Figure 8). Currently, the clinker imported and exported is lower than 200,000 tons with maximum values in 2007 (exported: 1244 ktons) and 2011 (imported: 1091 ktons).



Finally, Figure 10 presents the estimated results of carbon dioxide absorption considering the Tier 1 methodology described in the experimental part (Equations (1) and (2)). As expected, the carbon dioxide uptake follows the same trend as the clinker consumption. Therefore, a peak of carbon dioxide uptake of 7 million tons could be attributed to the clinker production of 2014.



The carbon dioxide absorption between 2013 and 2014 is much higher than the clinker production due to the influence of the clinker imported on the Portland cement production and, therefore, on the mortar and concrete exposed to the atmosphere to be carbonated. The maximum import amount was 1.03 million tons in 2013, while the maximum clinker production was 47 million tons in 2014.



According to Wang [55], the type of the concrete elements and the size of the crushed concrete impact the carbon dioxide uptake rate; however, these parameters do not change the total carbon dioxide uptake ratio. By contrast, it should be considered that as the compressive strength increases, as a result of using a higher content of clinker, the net carbon dioxide emissions increase [32].



This carbon dioxide absorption by the cement-based materials manufactured with this clinker will be performed during the service-life of the mortars and concrete structures. The total amount uptake from 1990 to 2019 during the service-life was 125 million tons, whereas during the secondary use and end-of-life it was 5 and 10 million tons, respectively.



Currently, the Brazilian Carbon Neutrality Roadmap does not consider the carbon uptake as a lever to contribute to climate change mitigation [36]. However, the carbon dioxide absorption due to the carbonation process could be implemented in order to help the Brazilian cement industry to reach the net-zero carbon dioxide emissions goal.




5. Conclusions


The Intergovernmental Panel on Climate Change (IPCC)’s Sixth Assessment Report (AR6) recognizes the physico-chemical process known as carbonation. Accordingly, the aim and novelty of this paper is to present, for the first time in the technical literature, a proper factual calculation of carbon removals by the cement-based materials carbonation in Brazil, which is the largest cement producer in South America. This procedure can generally be performed in the rest of the countries of America.



Following the expected data of clinker production, export, import, and apparent consumption recorded in the present paper and the results obtained by applying the methodology named Tier 1 to estimate the carbon uptake of cement-based materials produced in Brazil from 1990 to 2019, the following conclusions can be extracted:




	
Brazil is the seventh worldwide cement producer and is one with the lowest kgCO2/ton of cement ratio as a consequence of the low electrical impact (1%) in the cement production, low clinker factor (0.67 in 2014 and 0.59, data estimated for 2030), and alternative fuels usage (15% in 2014 and 35%, data estimated for 2030).



	
The carbon dioxide uptake by mortar and concrete carbonation for 30 years (from 1990 to 2019) is about 140 million tons. Within this twenty-year period about 483 million tons have been released due to the calcination process.



	
Based on this data, the carbon dioxide uptake during the service-life, end-of-life and secondary usage stages can be given as follows:




	
125 million tons during the service-life;



	
5 million tons during secondary use; and



	
10 million tons during end-of-life.








	
These values correspond to the 20%, 2%, and 1% of the carbon dioxide emitted by the calcination, respectively.








In addition, the carbon dioxide uptake should be implemented in the Brazilian Carbon Neutrality Roadmap, which is the tool to set out the Brazilian cement industry’s target to achieve net-zero carbon dioxide emissions along the cement and concrete value chain.
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Figure 1. Brazilian integrated and grinding cement plants (2022). 
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Figure 2. Carbon dioxide emissions broken down by area by the cement production in Brazil (2022) «source: author original». 
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Figure 3. Apparent consumption in Brazil from 1965 to 2022 (million tons per annum) «source: author original». 
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Figure 4. Comparison of the carbon dioxide emissions per ton of cement in some countries (kgCO2/ton of cement) «source: author original». 
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Figure 5. World production and consumption: (a) the world’s seven dominant consumers plus Mexico (14th); (b) world cement consumption (Mtons) «source: author original». 
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Figure 6. Production and consumption parameters of the American main cement producers: (a) consumption 2018–2020; (b) production 2018–2020; (c) export 2018–2020; (d) import 2018–2020 «source: author original». 
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Figure 7. Production and consumption parameters of the America minor cement producers: (a) consumption 2018–2020; (b) production 2018–2020; (c) export 2018–2020; (d) import 2018–2020 «source: author original». 
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Figure 8. Clinker production and carbon dioxide emissions, ktons, between 1990 to 2019 «data source: National Cement Industry Association (SNIC)». 






Figure 8. Clinker production and carbon dioxide emissions, ktons, between 1990 to 2019 «data source: National Cement Industry Association (SNIC)».



[image: Applsci 13 10386 g008]







[image: Applsci 13 10386 g009] 





Figure 9. Clinker exported and imported, ktons, between 1990 to 2019 «source: author original». 
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Figure 10. Carbon dioxide absorption (Tier 1), kton CO2 «source: author original». 
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Table 1. Cement Plants in Brazil (Data from: http://snic.org.br/fabricas-localizacoes.php, accessed on 10 January 2023.
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Company

	

	
Cement Plants

	






	
APODI

	
Pecém—CE

	
Quixeré—CE

	




	
BRENNAND

	
Pitimbu—PB

	
Sete Lagoas—MG

	




	
CARMOCAL

	
Pains—MG

	

	




	
CIMENTO BRAVO

	
São Luís—MA

	

	




	
CIMENTO FORTE

	
Cabo de Santo Agostinho—PE

	

	




	
CIMENTO VERDE DO BRASIL

	
Açaiândia—MA

	

	




	
CIMENTO ZUMBI

	
Marechal Deodoro—AL

	

	




	
CIMENTOS LIZ

	
Vespasiano—MG

	

	




	
CIPLAN

	
Sobradinho—DF

	

	




	
CRH * (Buzzi and Grupo Ricardo Brennand)

	
Arcos—MG

	
Matozinhos—MG

	




	
Cantagalo—RJ

	
Santa Luzia—MG

	




	
CSN

	
Arcos—MG

	
Volta Redonda—RJ

	




	
ELIZABETH

	
Alhandra—PB

	

	




	
ELO

	
Currais Novos—RN

	

	




	
ICIBRA

	
Bacabeira—MA

	

	




	
INTERCEMENT ** (Former Camargo Corrêa Cimentos)

	
Apiaí—SP

	
Brumado—BA

	
Cabo de Santo Agostinho—PE




	
Cajati—SP

	
Campo Formoso—BA

	
Candiota—RS




	
Cezarina—GO

	
Cubatão—SP

	
Ijaci—MG




	
Jacareí—SP

	
João Pessoa—PB

	
Nova Santa Rita—RS




	
Pedro Leopoldo—MG

	
Santana do Paraíso—MG

	
São Miguel dos Campos—AL




	
Bodoquena—MS

	

	




	
ITAMBÉ

	
Balsa Nova—PR

	

	




	
JOÃO SANTOS

	
Barbalha—CE

	
Capanema—PA

	
Cachoeiros de Itapemirim—ES




	
Codó—MA

	
Fronteiras—PI

	
Goiana—PE




	
Itaituba—PA

	
Ituaçu—BA

	
Manaus—AM




	
Mossoró—RN

	
Nossa Senhora do Socorro—SE




	
HOLCIM (CSN) ***

	
Barroso—MG

	
Caaporã—PB

	
Candeias—BA




	
Cantagalo—RJ

	
Cocalzinho de Goiás—GO

	
Itapeva—SP




	
Montes Claros—MG

	
Pedro Leopoldo—MG

	
Rio de Janeiro—RJ




	
Santa Luzia—MG

	
Serra—ES

	
Sorocaba—SP




	
MIZU

	
Baraúna—RN

	
Manaus—AM

	
Mogi das Cruzes—SP




	
Pacatuba—SE

	
Rio de Janeiro—RJ

	
Vitória—ES




	
PETRIBÚ

	
Carnaíba—PE

	

	




	
POZOSUL

	
Capivari de Baixo—SC

	

	




	
SUPREMO SECIL

	
Adrianopolis—PR

	
Pomerode—SC

	




	
TUPI

	
Carandaí—MG

	
Mogi das Cruzes—SP

	
Volta Redonda—RJ




	
VOTORANTIM CIMENTOS

	
Cantagalo—RJ

	
Corumbá—MS

	
Cubatão—SP




	
Cuiabá—MT

	
Edealina—GO

	
Esteio—RS




	
Imbituba—SC

	
Itajaí—SC

	
Itaú de Minas—MG




	
Laranjeiras—SE

	
Nobres—MT

	
Paulista—PE




	
Pecém—CE

	
Pinheiro Machado—RS

	
Porto Velho—RO




	
Primavera—PA

	
Ribeirão Grande—SP

	
Rio Branco do Sul—PR




	
Salto de Pirapora—SP

	
Santa Cruz—RJ

	
São Luis—MA




	
Sobradinho—DF

	
Sobral—CE

	
Vidal Ramos—SC




	
Votorantim—SP

	
Xambioá—TO

	








* In 2021, CRH Brazil was bought by the Brazilian BCPAR joint venture (Buzzi Unicem owns 50% and Grupo Ricardo Brennand owns 50%). ** In 2011, Camargo Corrêa Cimentos was rebranded as InterCement. *** In September 2022, Holcim sold its business in Brazil to CSN (Companhia Siderúrgica Nacional). Then, CSN Cimentos became the third-largest cement producer by production capacity after Votorantim and InterCement in Brazil.













 





Table 2. Key indicators for the Brazilian cement industry by 2030 and 2050 within the 2 °C scenario.
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	Indicator
	2014
	2030
	2050





	Clinker factor (clinker/cement ratio)
	0.67
	0.59
	0.52



	Thermal consumption (GJ/t clinker)
	3.50
	3.47
	3.20



	Electrical consumption (kWh/t cement)
	113
	106
	91



	Alternative fuels (% of thermal substitution)
	14.8%
	35%
	55



	Global carbon dioxide emissions (Mt CO2/year)
	40
	42
	44



	Carbon dioxide emissions intensity (kg CO2/t cement)
	564
	485
	375
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file13.jpg
= oo oueng
4 euweuey
entesenn
sempuon

— cewnens
- openes 3
- ey

i
e
!

= epraavan
Rengn
P
— 0pE)
— )

pr——1

EEEEEEEN

(suony) vondunsuoy






media/file4.png
Carbon dioxide emissions

~
o

60
< 50
S 40
5
2 30
2 20

10

0

N

Calcination

Thermal energy
Area

Electric energy





media/file18.png
Export-Import of cement and clinker, kton

1400

1200

1000

800

600

400

200

0
1985

——Imported cement and
clinker (ktons)

——Exported cement and
clinker (ktons)

1990 1995 2000 2005
Year

2010

2015

2020

2025





media/file3.jpg
8 88
N\
\\$

g
G c
]
5330
S g
5 G 20
2
g 10
tl 7

. A
Calcination ~ Thermal energy Electric energy

Area





media/file19.jpg
g

—=-Carbon dioxide

7000 absorption (Tier 1),
kton
6000 _w-Clinker production

(ktons)

Carbon dioxide absorption (Tier 1), kton CO2

g

1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

s
Clinker production (ktons)





media/file7.jpg
% NN g
ENNS S\
EANN K
ERNN\\ R

2
ERNNN\ Y

588

N,
BN\ Y
5 W

530

N ¢,

s o o e
(snonnuawa) Jo U0Y/Z0IB) WA

40 10} Jad SUOISSIUA APIXOIP UOGIR)





media/file10.png
Country

Mexico

Brazil
Vietnam
Indonesia
Iran

United States
India

China

] | T T Trrrrn | ' BN CHN N [ I B | T LI |

10000 100000 1000000
Cement consumption (Mtons)

—_

(a)

- 4400
§ 4200
= 4000
S 3800
(& ]

§ 3600
= 3400
< 3200
(=]

= 3000

2008 2010 2012 2014 2016 2018 2020

(b)

Year





media/file14.png
_
R
[
—
r
g 9 K .
& & R .=m
Cl & |&
L2 L Io S
B © [O
S & |
T BV O
e £ 2
&l 4 B |
HE B = _
J—
——
e
” e————
RARLELRLRIRARARLRLRI RN LRLRY RARLE
23838888°
RBEIFIKRKS
(Suoyy) uononpoud
ey
e—
mwml
R KK -
S|88 | [T
-1R-1-1 g
& El B
o | = =
222 | _m
o O O
O 0O 0O
mEEE
—
e
 —————
—
RARANLRARILRARIRARAN LRAR] RARAN LRARY
2888888°
RBISKVKS
(suoyy) uondwnsuo)

021y 0343Nnd
eweued
engeJediN
SeINpuoH
Blewsajens
lopeajes |3
eqn)

BI2IY BISO)
9ZI|2g
B[9NZ3UBA
Aengnin
Aengeied
Jopend]
IIYd
BIAllOg

001y oyand
eweued
enge.ediN
SeINpPuoH
elewajens
JOpeAles |3
eqn)

BI2IY BISO)
9Zl|2g
B|9NZ3UBA
Aengnin
Aengeied
lopendj
9Yyd
BlAllOg

(b)

(a)

"
L
.
i
——
-=
0 O O
e ([ e| N
-BE=1R= 3
AN N N
-SRI - &
g\ g 8 [*
E E E
HE B = i
-
_—
-l
ARRRERARAN LR R R R RN AR
888888°
RAKRAS
(Suoyy)1sodw
_
—
J
———
.
—
=
—
| —
0 O O —l
- =
RK K
£E5 =
Q Q Q d
xX X X
w wowl
E NN —
© © © o o
g 8 K 2

(suoy) j10dx3

021y 0313Nnd
eweued
engeJedIN
SeINpuoH
elewsajens
lopeajes |3
eqn)

eIy BIS0)
9Zl|ag
B[9NZAUIA
Aengnin
Aengeled
Jopend]
IYd
BlAllog

001y 0313Nng
eweued
enge.ediN
SeINpuoH
elewajens
JopeAjes |3
eqn)

BOIY BIS0)
9Zl|2g
B|9NZ3UBA
Aengnin
Aengeied
lopendj
YD
Blallog

N

o

N

—~~

&

N





media/file11.jpg
7 aced = Consumption 2019 g 10000 o 2018
£ oo | =Conmmatin 200 H = Prducion2019
ooy I 5 ool srrnn I I
E 2 20000
[ - Fliimmmm .
© CPEILLLSS FELELTESE
LS Loy
Fd &
@ (b)
o = L
i nemon I
Sa0 =t 2020 HES
bt
Soo} B W | ¢ e

FELELE S
B < &
&
©

9 & >
G S ES
Jé’

(@






media/file6.png
-
0

-
—

50

o O QO O O
M~ W T M

(SUOY UoI||Iw)
uondwnsued jualeddy

-

2020

2000

1980

1960

Year





media/file15.jpg
50000
~Clinker production (ktons)

45000

40000 —Carbon dioxide emissions
by calcination (ktons)

Clinker production and carbon dioxide emissions,
ktons.

1985 1990 1995 2000 2005 2010 2015 2020 2025
Year





nav.xhtml


  applsci-13-10386


  
    		
      applsci-13-10386
    


  




  





media/file16.png
50000
——Clinker production (ktons)

45000
40000 ——Carbon dioxide emissions
35000 by calcination (ktons)

30000

20000
15000

10000

&
8

Clinker production and carbon dioxide emissions,
ktons
N
o
S
S

0
1985 1990 1995 2000 2005 2010 2015 2020 2025

Year





media/file2.png
@ Integrated Cement Plants
O Grinding Cement Plants





media/file20.png
8
8

7000

6000

8
8

Carbon dioxide absorption (Tier 1), kton CO2
o) S
S S

2000

-=-Carbon dioxide

absorption (Tier 1),

kton

-#-Clinker production

(ktons)

80000

70000

60000

50000

40000

30000

20000

10000

0

1985 1990 1995 2000 2005 2010 2015 2020 2025

Year

ker production (ktons)

Clin





media/file5.jpg
Q
=

00 oo Qo
RoOwnSma o

(suoy uorjiu)
uondwnsuod yuaieddy

o

2020

2000

1980

1960

Year





media/file1.jpg
@ Integrated Cement Plants
@ Grinding Cement Plants





media/file12.png
120000

‘g 100000 o Consumption 2019
§ 80000 ® Consumption 2020
.5 60000 W Production 2018
S 40000
€ 20000 l
2 0 e B B =
o
ad 2O R 5 NEAe
& &C S
b C 2
2
AS)
‘\
(_,’b
(a)
6000
= 5000 M Export 2018
c
3_,3 4000 B Export 2019
= 3000 ® Export 2020
S 2000
2 1000 . i
0d_ _ L
2 2 > O o) D o
NP (\b NN Y
0& (J’bo \()“‘Q R \‘}Ib @QJ\ ®
& O Q
v P43
0
L

Production (ktons)

Import(ktons)

100000
B Production 2018
80000
® Production 2019
60000
40000 ® Production 2020
20000 l

e,é'\ (,'b& \O \'bo 'é’.\\ Q’&
?& oy 2
4
NS
4\\
Cb
(b)
20000
® Import 2018
16000
12000 B Import 2019
8000 ® Import 2020
4000
0 =] | B -
: A
& & &
<
v C 2
N
«\
(J’b






media/file9.jpg
Country.

Mesico

Vietnam ———
Indonesia ———
an —
United Sttes mm—
[ —
[ ——————

100000 1000000
Coment consumption (Mtons)

i

@

L

2008 2010 2012 204 216 2015 2020
Year

®)





media/file0.png





media/file8.png
SNy

7 Aammmimum ﬁaq_ﬁw

NN e,

B NN g, %

= NNy,

S NN ¢,

=N\

2NNy, %
5NN,

530

VA@

s
= = o] = = = =
o2 M= == (¥ Lo L™ L~

‘(snoQRUALLRY Jo U0}/70IEY) JUANLD
10 U0} 13d SUOISSILLD IPIKOIP UOIe)





media/file17.jpg
1400

<
£ ,00 —Imported cementand
3 clinker (ktons)
