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Abstract

:

Clay-fired bricks are widely used in emerging economies mainly because of the unavailability of higher-grade construction and building materials; however, they are associated with significant social and environmental damage. The environmental burdens associated with the fuels and materials required for brick production are huge, as they have both direct and indirect effects along supply chains. This study aimed to assess the environmental footprints of brick production along supply chains, focusing on relevant environmental issues in brick production: carbon dioxide emissions, water consumption, and land use. We demonstrate that fuelwood consumption constitutes a major share of the carbon and water footprints, whereas built-up land for brick drying dominates the major effect of land use. Our expansion of the ecological footprint method enables a comparison of the effects of three different environmental issues with the same land area dimension, which reveals the relative severity of carbon dioxide emissions that account for up to 20% of the national CO2 inventory. For the potential reduction in the environmental footprint of brick production, scenario analysis showed a substantial reduction by replacing clay-fired bricks with concrete bricks. The shift to alternative materials, together with mitigation measures for brick production, can effectively alleviate the environmental pressures of construction materials in future emerging economies.
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1. Introduction


Bricks are an important construction material that is widely used in Bangladesh. Owing to the current economic growth of the country, the use of brick is expected to accelerate in the foreseeable future [1], even though it has major socio-environmental consequences [2,3]. Owing to the rising demand for bricks, the number of brickfields has increased in Bangladesh, with a heavy concentration at the outskirts of major cities, especially near the capital city and other districts, which could be better understood by observing the country’s standing in terms of brick production worldwide—the fourth largest [4]. However, there is much debate about the actual representative figure regarding the number of brick kilns, let alone the annual brick production. According to a government report, approximately 7881 brick kilns in the country produced approximately 34 billion bricks in 2018 [5]. However, other reports suggest that the number of kilns is much higher, reaching ~45,000, many of which are unregistered [6].



The universally recognized red clay brick is a 6000-year-old construction material produced from naturally occurring clay and shaped through simple processes [7]. Asia is the largest producer of clay-fired bricks, with a staggering 87% of the 1.5 trillion bricks produced annually being produced in this populous continent, and specifically with South Asian countries such as Bangladesh, India, Nepal, and Pakistan contributing ~20% of this figure [7,8]. Owing to the limited availability of higher-grade construction materials (e.g., gravel and stone) and its higher expenses, Bangladesh heavily relies on clay-fired bricks. In addition, road construction uses brick chips from recycled bricks as well as production losses, which are not widely practiced elsewhere. The clay requirement for brick production is simple, and most often clay comes from agricultural land and, in some cases, from cutting down hills [9]. However, Bangladesh’s environmental law does not permit any of these activities (striping topsoil from agricultural land and extracting soil through cutting down hills), but rampant brickfields can be found everywhere in the country. Shaped clay is burned using coal or fuelwood in South Asian countries, and a significant amount of exhaust gases is released to the environment every year. Fuelwood, coal, and fossil fuels are energy materials that are frequently used to burn soft clay bricks; exhaust gases and other emissions, for example, CO2, are being released into the environment. In Dhaka, the capital city of Bangladesh, the total emissions from brick kilns from the outskirts of the city are estimated at 1.8 million tons of CO2 emissions from producing ~3.5 billion bricks per year, using energy-inefficient technologies such as fixed-chimney bull-trench kilns that use coal, fuelwood, and agricultural waste as energy materials [10]. Water is another input for producing bricks, used for mixing materials and cleaning facilities [11]. In addition to direct water input, indirect water input for the production of materials and fuels can affect the water demand for brick production, particularly the use of fuel and firewood [12,13]. It is important to note that brickfields are typically established by acquiring land from other land uses, such as agriculture and forest. Land use issues in brick production are also crucial. The relevant environmental impacts of brick production in Bangladesh can be summarized by the following three environmental burdens: CO2 emissions, water usage, and land use change. However, in addition to this single environmental issue, the relationships between the relevant environmental issues are also crucial to explore, as they would provide a simple yet effective understanding of the different environmental dimensions of brick production in a comparative manner.



These environmental burdens associated with brick production occur not only on-site of the brick production but also along the supply chains of input materials and energy. In this context, the environmental footprint is a relevant tool for assessing the environmental performance of brick production along the entire supply chain. The ‘environmental footprint’ is a commonly used approach to quantify the anthropogenic pressure on the environment, in which resource appropriation and waste generation are estimated [14]. Several footprint methodologies have already been developed, such as carbon footprint (CF), water footprint (WF), material footprint (MF), and ecological footprint (EF). CF measures the potential impacts on climate change owing to greenhouse gases (GHGs) released into the environment by anthropogenic activities, which is related to the concept of EF, which accounts for humanity’s demand on the ecosystem [15]. WF is an indicator of water resource appropriation and the dilution of pollutants in water bodies caused by anthropogenic activities [16,17]. On the other hand, MF is related to the global allocation of used raw material extraction in the final demand of an economy [18]. Many footprint methodologies can assess environmental performance for a single environmental issue through the supply chains of the target product system. When we focus on different environmental issues simultaneously, it is usually difficult to directly compare different footprints with the same metrics. EF captures different environmental aspects using the common unit of land, which enables us to assess the footprints of different issues in parallel. EF is defined as the biologically productive land and water bodies required to produce goods and assimilate the pollution generated by anthropogenic activities [19]. Currently, EF focuses on measuring the potential effects of carbon emissions and various land uses, although there is the potential to expand the target environmental issues, for instance, including water use by using the area of water catchment for collecting the consumed volume of water. The central idea of any environmental footprint is to assess the environmental impacts along the supply chains, and their application can cover the relevant environmental issues in parallel.



The government of Bangladesh is attempting to phase out the dirty brick-making process by 2025–2030, but the current trend of brick production and growth in the sector does not reflect any such scenario in the foreseeable future. The brick sector has been constantly growing in Bangladesh over the past 15–20 years, and it is predicted that it will grow by approximately 9% over the next 10 years [5]. Meanwhile, it significantly contributes to the economy while engaging approximately one million employees. Therefore, reducing the environmental impacts from the brick sector and phasing out age-old technology could produce better results. The objective of this study was to assess the environmental performance of an important construction and building material, bricks, with the aim of reducing its environmental footprint in the future. We focused on the relevant environmental issues of brick production: carbon dioxide emissions, water consumption, and land use. We also reveal the significance of environmental issues associated with brick production in an emerging economy. Moreover, this study shows how the environmental footprint of the brick sector in Bangladesh could be reduced by developing an alternative scenario.




2. Materials and Methods


2.1. Effects of Carbon Emissions, Water Consumption, and Land Use


The main data source for brick production in Bangladesh is the Department of Environment. Figure A1 in the Appendix A shows the per capita brick production (estimated by the number of bricks consumed) of the country projected until 2030. Brick production per capita in 2006 was approximately 112 bricks, which rose to 223 bricks per capita in 2020. From this perspective, the estimated total number of bricks used in Bangladesh in 2020 was ~36.78 billion. It is projected that brick production per capita will reach 331 by 2030. This study used per capita brick production to estimate the environmental footprint of the brick sector in the country.



The CF of brick production was calculated using a previously described methodology [20]. Figure A2 in the Appendix A shows the system boundary of brick production, where the functional unit (FU) was considered as the production of a single brick (weighing 2.8 kg) from the brick kiln. Fuel required for transporting the materials as well as carrying the fuel itself from the depo is included in the system as ‘Transportation’, which is shown in Figure A2 in the Appendix A. This FU remains the same for other footprints accounting for brick production, that is, WF and EF. Clay, water, fossil fuel (for powering brick molding and transportation), coal (for firing the brick), fuelwood (for firing the brick), and sand were the raw materials used to produce the clay-fired bricks. A lifecycle inventory (LCI) was calculated based on the process data collected in a brickfield survey [21]. The brickfield owners provided information related to the material and land requirements for brick production. Table 1 shows the process data collected for brick production in Bangladesh via a survey. Eight brickfields were surveyed by enumerators taking assistance from local guides. In Bangladesh, the characteristics of brickfields are the same as those of the brick kiln technologies involved in the production process. Although increasing the number of surveys could provide a better representation of the brickfields, because of time and budget constraints, we were not able to consider it in this study. The combustion of fossil fuels and fuelwood produces CO2 that is then emitted back into the environment. On the other hand, some amount of water, especially from human metabolic activities (from brick production workers), is being discharged back to the environment, which could be considered grey WF for brick production. We followed the approach in [20] to calculate the WF of brick production. We used the following formula to calculate the WF for a single brick ‘p’ produced by the kiln.   W  F  p r o d   p   is calculated as shown in Equation (1), where   W  F  p r o c   s   is the WF of process step ‘s’ (volume/time), and   P p   is the quantity production of product ‘p’ (mass/time). While calculating the WF of a single brick, we considered the blue- and grey-water footprints. The green WF was not included in the accounting framework because rainwater is not used by the brick production sector in Bangladesh.


  W  F  p r o d   p =    ∑  s = 1  k  W  F  p r o c   s   P p        m 3  / brick    



(1)







Based on the process data provided in Table 1, both the CF and WF were calculated. To calculate the CF of brick production, the first CF intensities of the different materials used in the production system were calculated. This was undertaken using local data, which reduces the uncertainty in the estimation. Table 2 shows the CF intensities of coal, fuelwood, electricity, diesel (for transportation), machinery oil (motor oil/Mobil), hydraulic oil, and kerosene. These data were used to calculate the CF in terms of the GWP of the bricks, as shown in Figure 1. Similar to CF accounting, the WF intensity of different materials used in brick production is first calculated using local data. Table 3 shows the water footprint intensity of the materials, whereas Figure 2 shows the WF of the brick together with the share of different materials in the total WF. In addition to carbon emissions and water consumption, brickfield land use is of concern in terms of the environmental loads relevant to brick production. In particular, built-up land that is required directly for brick production and indirectly for the production of input materials/energy reduces the capacity of primary production by natural vegetation, which can be quantified as a part of the EF. Different land features of the brickfield were measured during the brickfield survey, for example, kiln area, labor shed, and brick sundry field. However, the indirect land required for acquiring clay materials was not included in the EF accounting, mainly because data were unavailable, and this should be considered as a limitation of the present study. The measured values were used to calculate the EF as previously described [22]. Equations (2)–(4) were used to calculate the EF of the built-up land.


   E  F  L ,   N   =  A L    × E Q  F L    × Y  F  L ,   N     



(2)






   E Q  F L  = N P  P L    / N P  P w    



(3)






   Y  F  L , N   = N P  P  L , N     / N P  P  L , w     



(4)







Equation (2) shows the EF of country ‘N’ for land use type ‘L’ where    A L    represents area of land use type ‘L’ caused by or needed for establishment of a brick kiln,   E Q  F L    is the equivalence factor of land use type ‘L’ in which the brick kiln is located, and   Y  F  L ,   N     denotes the yield factor of land use type ‘L’ for country ‘N’. The EF unit is global hectare (gha). YF shows the relative productivity of the world and national average hectares of a given land use type, whereas EQF represents the relative productivity of the world average hectares of different land use types. We used an updated EQF and YF following the methodology of [23], where these factors were updated by utilizing net primary productivity (NPP) to determine the impact of the relevant activity on the original environment. In Equations (3) and (4), NPP shows the average value of NPP, ‘L’ is the land use type, ‘N’ denotes country, and ‘W’ represents world average.




2.2. Comparative Assessment of the Effects of Carbon Emissions, Water Consumption, and Land Use


The environmental loads of carbon emissions, water consumption, and land use associated with brick production have different dimensions, which makes it difficult to understand the relative significance of each load in terms of environmental capacity. The EF can quantify the effects of direct land use, such as built-up land, and convert the effects of carbon emissions into land area for absorption. In addition to the integration of different environmental dimensions adopted in the traditional EF approach, there is potential for the expansion of this concept to water consumption. Several previous studies have introduced the interaction between land area and water consumption [24,25,26], which can be adopted for the conversion of water consumption into land area that is required for the acquisition of the amount of water. Here, we assessed the effects of carbon emissions and water consumption by adopting and expanding EF for the comparison of the effects of land use.



The carbon-absorption land needed to accommodate the CF of any concerned activity, in our case, brick production, is the only land use type in the EF that is used to track the waste product, CO2 emission. Brick production requires a large amount of energy to burn clay. Therefore, the carbon-absorption land for brick production is huge in terms of the EF. Equation (5) was used to calculate the carbon-absorption land based on the brickfield inventory data on the energy consumption to produce the brick.


   E  F C  =    P  C     ×   1 −  S  O c e a n        Y  C         × E Q  F L    



(5)




where   E  F C      is the EF-carbon-absorption land,    P  C       denotes the annual CO2 emission from a brickfield,    S  O c e a n     represents the fraction of anthropogenic CO2 emissions sequestered by the ocean in a year, and    Y  C       is the annual rate of CO2 emission absorption per hectare of forestland at the world average yield.



The land for the acquisition of available water was calculated based on the results of the global hydrological model WaterGAP 2.2d [27]. The model computes the natural water flow at the watershed level by calibrating with the actual flow at the river mouth of a watershed. We assumed the calculated natural water flows of the watersheds as the available water and determined the area required for the acquisition of the unit volume of available water by dividing the total available water amount by the total area of the watershed. We used the average value of water availability during 2006–2016 from the WaterGAP 2.2d model to obtain the coefficient of the required area for a unit volume of available water. To convert the water catchment area into a metric of global hectares, we used the equivalence factor of water provided by [23].




2.3. Future Scenario Analysis


We also provided an alternative scenario for future brick production by assuming a progressive reduction in brick consumption by replacing clay brick with concrete brick. We considered a 10% replacement of clay brick production with concrete brick production every year starting from 2022 and progressed until 2030, which results in the share of clay brick production being 10% and that of concrete brick production being 90% in 2030. The environmental footprints of both clay and concrete brick production were included in the future scenario analysis. By comparing the environmental footprints of the business-as-usual (BAU) scenario (Scenario 1) with the alternative scenario (Scenario 2), we demonstrated the effects of this moderate measure on three relevant environmental issues (climate change, water consumption, and land use) associated with brick production in the future. However, we did not consider the reduction in the EF of built-up land in alternative scenarios owing to data limitations.
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Table 2. Carbon footprint intensity of different materials used in brick production.






Table 2. Carbon footprint intensity of different materials used in brick production.





	Input
	CF Intensity
	Unit
	Reference





	Coal
	1.94 Note
	kg CO2 eq./kg
	[28,29]



	Fuelwood
	0.22 Note
	kg CO2 eq./kg
	[30,31]



	Electricity
	0.65
	kg CO2 eq./kWh
	[32]



	Diesel
	0.55
	kg CO2 eq./L
	[20]



	Machinery oil
	1.07
	kg CO2 eq./kg
	[33]



	Hydraulic oil
	1.07
	kg CO2 eq./kg
	[33]



	Kerosene
	0.55
	kg CO2 eq./L
	[20]







Note: The carbon footprint intensity of coal is considered for both production (0.05 kg CO2 eq./kg coal), and combustion of coal (1.89 kg CO2 eq./kg coal). For coal production carbon emission intensity, coal produced in the Barapukuria coal mine in Bangladesh was considered. However, for coal combustion carbon emission intensity, related data from the U.S. Energy Information Administration was considered, as the quality of the coal was similar. In the case of fuelwood, biogenic carbon was disregarded and a full impulse response function was considered to determine the global warming potential index of fuelwood derived from a tropical forest with an average species rotation of 26–50 years and a 100-year time horizon. We multiplied the global warming potential index value by that of direct CO2 emissions from biomass combustion [30,31,34].
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Table 3. Blue water footprint intensity of different materials used in brick production.






Table 3. Blue water footprint intensity of different materials used in brick production.





	Input
	WF Intensity
	Unit
	Reference





	Coal
	0.36
	m3/ton
	[35,36]



	Fuelwood
	0.01 Note
	m3/kg
	[13]



	Water
	0.0001
	m3/nos.
	Survey



	Electricity
	0.0164
	m3/kWh
	[36]



	Diesel
	0.0003
	m3/L
	[37]



	Machinery oil
	0.0014
	m3/L
	[20]



	Hydraulic oil
	0.0014
	m3/L
	[20]



	Kerosene
	0.0003
	m3/L
	[37]







Note: A factor of 0.00138 to convert m3 of fuelwood into kg. Furthermore, the brickfield owner provided fuelwood use data in “maund” units, which is equivalent to 40 kg.













3. Results


3.1. Carbon Emissions, Water Consumption, and Land Use of the Brick Sector in Bangladesh


3.1.1. CF Accounting


Our results show that the CF of a single brick was approximately 0.17 kg CO2 eq., in which the combustion of coal to burn bricks contributed the most (approximately 50.91%) to the total CF, whereas fuelwood had the second largest contribution (~39.23%). Compared to clay-fired brick, concrete blocks have significantly less CF; for example, the CF of concrete blocks in the USA was ~0.1 kg CO2 eq./concrete block (considering the weight of a concrete block, ~2.8 kg, which is equivalent to the weight of a single brick) [38]. Although the analysis of the CF of concrete blocks had some uncertainty, it showed the potential to reduce the footprint. This finding requires further validation using local data, but this could not be performed owing to data limitations. The CF of single brick production was then used to estimate the total CO2 emissions from this sector for each year from 2006 to 2030, as shown in Figure A3 in the Appendix A. The total CF from brick production increased each year. During 2006, the CF from the brick sector was approximately 2742 kt CO2 eq., which rose to approximately 6375 kt CO2 eq. in 2020. According to the CF estimate, it may reach 10,454 kt CO2 eq. by 2030. Evidently, the total CO2 emissions from all concerned activities in Bangladesh during 2006 were ~35,900 kt CO2 eq. This means that the CF of brick production accounted for nearly 8% of all CO2 emissions in the country. In general, the CF of brick production accounted for 7–8% of all CO2 emissions in Bangladesh during 2006–2018. This implies that brick production remains a relevant source of CO2 emissions within the Bangladeshi economy.




3.1.2. WF Accounting


Our results show that fuelwood consumption in brick production constituted the largest share, nearly 98.39% of the total WF. This resulted from the higher WF intensity of fuelwood. Much of this blue WF was related to the supply chain, as evident from the findings, whereas other materials did not contribute much to the WF of brick production. The total WF of single brick production was approximately 0.003 m3. We omitted the direct water consumption for brick production, which is estimated to be 0.0017 m3 per brick (average 3.0 kg) [11]. This demonstrates that indirect water consumption was approximately twice that of direct water consumption and was of high significance in terms of water consumption for brick production. The estimated WF of brick production was then used to estimate the total WF of brick production for a year, as shown in Figure 3. The volume of degraded water discharged back to the environment was obtained from a brickfield survey, and the estimated volume of water for diluting degraded water to an acceptable level concentration is denoted as grey WF according to the Water Footprint Network guidelines. As expected, it was negligible compared with the blue WF generated from brick production. During 2006, the total WF from brick production in Bangladesh was ~49.70 Mm3, which rose to ~115.54 Mm3 in 2020. The industrial water withdrawal of Bangladesh during 2003–2007 was ~746 Mm3 according to the AQUASTAT database of the Food and Agriculture Organizations. According to [27], the average consumption of industrial water was approximately 20% of the withdrawal. Thus, approximately 150 Mm3 of water was estimated to be consumed by all industrial sectors of Bangladesh during 2003–2007, whereas the brick sector of the country consumed one-third of that. The brick sector in Bangladesh accounted for approximately 1% of the total GDP in 2016 [39]. Considering these data, the WF of brick production in Bangladesh is significant, reaching ~189.47 Mm3 by 2030, much of which would come from fuelwood consumption if the current trend continues.




3.1.3. Land Use


Based on a brickfield survey, the brickfield areas with different features were measured and then used to calculate the EF of built-up land. Table 4 shows the results. A single brickfield has six major distinctive features: kiln, brick drying area, soil/clay storage area, fuel storage area, water storage area, and labor accommodation area. The area for brick drying constitutes most of the brickfield, which is reflected in the EF value. Our results show that the EF of built-up land for brick drying area was roughly 2.29 gha (occupied built-up land ~1.93 ha), which shared nearly 60.50% of the total EF for a single brickfield. In contrast, the EF of built-up land for kilns, labor accommodation, and water storage was 0.62, 0.38, and 0.36 gha, respectively. It is noteworthy that the total area occupied by the brick sector of the country was ~23,643 ha, with an equivalent EF of built-up land of ~29,790 gha. To put this in perspective, the total area occupied by the industries of Bangladesh was roughly 452,515 ha (assumption about industrial areal coverage: small, 0.5 ha; medium, 1 ha; and large, 3 ha; total number of industries, 871,674 according to the Bangladesh economic census) with an EF of built-up land of ~584,649 gha. In other words, the brick sector occupied nearly 0.16% of the total industrial area, but its share in the EF of built-up land within industries was approximately 5%. As mentioned in the previous section, the brick sector of Bangladesh accounts for 1% of the total GDP. Therefore, compared to the magnitude of the economic activity, brick sector of the country has more responsibility in terms of land productivity effects than that of other sectors. The effects of land occupation on the brick sector were more significant than those of other industries in the country. Evidently, the EF of built-up land for a single brickfield was ~3.78 gha (occupied built-up land ~3.00 ha), which was not that large, but its total count is significant. However, if the conversion of agricultural land to clay mining induced by the brick sector is considered, the figure becomes huge, which is a major environmental and social issue for the country.





3.2. Comparative Assessment of Different Environmental Dimensions


3.2.1. Carbon Emissions: Land Required for Carbon Absorption


The annual CO2 emissions generated from brick production in Bangladesh were used to estimate the EF of the carbon-absorption land. This has been undertaken for the first time, which also has potential implications for CO2 reduction plans in the polluting sector. Figure 4 shows the EF of the carbon-absorption land in the brick sector of the country. The EF of carbon-absorption land in 2006 was ~2.60 million gha, which means that ~2.60 million gha of vegetated land was required to absorb the CO2 that came from the brick sector during 2006. For a small country such as Bangladesh, which has a national territorial area of ~14.76 million hectares, this figure is quite large, although the per capita emissions from the country were not much compared to other developed nations. Interestingly, the total vegetated area of the country according to government-provided data is ~2.6 million hectares, although this figure is thought to be inaccurate by experts. The brick sector drives the CF of the country, which is evident from the EF of the carbon-absorption land. Based on the estimates, the EF of carbon-absorption land in 2020 was ~6.05 million gha, and it was predicted to reach ~9.92 million gha by 2030.




3.2.2. Water Consumption: Land Required for Water Catchment


Figure 5 shows the EF of water consumption (land required for water catchment) induced by brick production in Bangladesh. The EF of water consumption was smaller than that of carbon-emission land. The estimated EF of water consumption during 2006 was ~8117.27 gha, which is expected to rise to ~30,947.10 gha by 2030. In other words, roughly 30,947.10 gha land will be needed to supply water used by the brick sector of the country by 2030. The total area of the country is ~14.76 million ha. Thus, the water catchment area of ~0.06 million ha will be required by the brick sector during 2030, i.e., the portion of land needed for water catchment by the brick sector will be nearly 0.43% during 2030.




3.2.3. Comparison of Different Environmental Dimensions


Although it was a challenge to assess the relevant environmental impacts of brick production based on a single metric, we overcame this limitation by adopting the EF approach not only for carbon-absorption and built-up lands but also for water-consumption land required for the water catchment. The results of the comparison of the different environmental dimensions of brick production are shown in Table 5. It is evident that carbon-absorption land was the deterministic environmental dimension among the three, and it was more than 320 times larger than that of the water catchment. Noticeably, the carbon absorption of land was approximately 166 times higher than that of built-up land. When we assessed the environmental effects of brick production from the perspective of a single environmental issue, both the water consumption and land use associated with brick production were significant in comparison with other industrial activities. On the other hand, a comparative analysis of these three relevant environmental issues by adopting the EF approach could objectively reveal the relative significance of these issues in terms of carrying capacity based on the metric of productive land area.





3.3. How to Reduce the Carbon, Water, and EF of Brick Production in Bangladesh


We also provided an alternative scenario through which the carbon, water, and ecological footprints of brick production could be reduced compared to the BAU scenario (Scenario 1), as shown in Figure 6. If no action is taken in the future (Scenario 1), the CF will reach approximately 7.03 Mt CO2 eq. in 2022, which is 256% of the CF in the base year 2006. If a 10% replacement of clay brick with concrete brick is possible, then the CF from the brick sector would be reduced to 6.61 Mt CO2 eq. by 2022 in the alternative scenario (Scenario 2). This means that the replacement of 10% clay brick with concrete brick would reduce the CF by 6%. This would continue until 2030 in the alternative scenario, while the demand for bricks would increase annually. According to the estimate, by 2030, the CF from Scenario 1 would reach roughly 10.45 Mt CO2 eq., which is 381% of the CF in the base year 2006, whereas it would be reduced to 6.45 Mt CO2 eq. in the alternative scenario, which is nearly 235% of the CF in 2006. The replacement of clay brick with concrete brick would potentially reduce the effects of the increasing demand for bricks on the CF by approximately two-thirds of that in the BAU scenario.



We noticed quite a different pattern (that is, the WF in Scenario 2 slightly increased with time) in the reduction potential of the WF from the progressive replacement of clay-fired brick with concrete brick, although the relative WF reduction in the long run was much higher compared to the base period. This results from the smaller difference in WF between the clay-fired brick (0.003 m3/brick) and concrete brick (0.002 m3/brick). Thus, the effects of a future increase in demand for bricks would be larger than the reduction in WF by this replacement, which would result in a slight increase in WF with time in the future, even in Scenario 2. The WF of clay brick was roughly 1.5 times bigger than that of concrete brick. According to the analysis, the WF from Scenario 1 during 2022 would be approximately 256% higher than the baseline period 2006 (~127.35 Mm3 in absolute figures); on the other hand, it would be 237% higher than the base period (~117.56 Mm3 in absolute figures)—an 8% absolute reduction in the WF compared with that of Scenario 1. If the progressive reduction continues, then by 2030, the WF would be ~126.65 Mm3, which would be a whopping 33% reduction compared to the no-action scenario.



Although we did not consider the reduction in EF of built-up land owing to some limitations, such as the unavailability of land use data for concrete brick production, it would also change if the replacement of clay bricks with concrete bricks continues. In addition, another potential alternative scenario would be the reduction in clay consumption, assuming that concrete brick production does not require any clay material. Clay consumption in brick production is often linked with other socio-environmental issues in the country. For example, the loss of agricultural productivity and illegal felling of trees from the forests could be reduced to a greater extent by opting for an alternative scenario of concrete brick production.





4. Discussion, Limitations, and Conclusions


This study successfully applied the methodology of the environmental footprint to the carbon, water, and land use of the brick sector in Bangladesh. The findings of this study are interesting and can be used to reduce environmental footprints. Interestingly, fuelwood consumption was the major dominant factor in the carbon and water footprints. Fuelwood consumption contributed approximately 40% of the CF and more than 90% of the WF for single brick production. However, this is also related to other social and environmental issues in the country. For example, fuelwood harvesting from natural forests is illegal, but there is evidence that a large share of the fuelwood being used in brickfields comes from the country’s forests [6]. Therefore, there is a good chance that brick burning has a positive association with deforestation, though more research is needed to confirm this hypothesis. Promoting green brick technologies could be considered an alternative to the present practice, although it may not reduce clay consumption substantially, which is of real concern. In this case, concrete bricks could be a better alternative, as they would not only reduce clay consumption but also reduce the associated environmental footprints.



The direct land requirement for making brickfields was not very large, because the EF of built-up land was also minimal. However, the key issue here is the location of the brickfield and clay consumption for brick-making. Typically, it can be found anywhere in the country, but according to the law, brickfields cannot be established on agricultural land, forest land, and within one kilometer from residential areas. However, this is rarely followed in practice. Because the clay-fired brick-making process uses a significant amount of clay, this drives agricultural land use change, because a major portion of the clay comes from the topsoil of the agricultural land. If indirect land requirements are considered, the EF of built-up land would be huge; however, this study did not include it because of data limitations. In contrast, the EF of carbon-absorption land was significantly large, which obviously results from the nature of the carbon emissions generated from brick production.



An alternative to fuelwood is to use natural gas to burn bricks on a larger scale. In addition to this, coal is the dominant factor of the CF associated with brick production (Figure 1). Therefore, the shift of fuel sources for brick production from fuelwood and coal to natural gas would be a mutual solution for the reduction in carbon emissions and water consumption. However, the country’s present infrastructure is not prepared for this option, which is understandable based on the share of brick kilns that use natural gas. For example, less than 2% of brick kilns use natural gas as fuel source. Some kiln technologies, such as the Hoffman kiln, are less polluting than traditional kilns, for example, bull’s trench and fixed chimney kilns, owing to the use of natural gas [40]. The gas connection network is limited to some major cities in the country. Utilizing biodiesel could be another alternative energy source that could reduce CF. Although there are variations among the findings from different studies regarding the CF of biodiesel production, first-generation biofuels from sugarcane, molasses, or palm oil would be as low as 0.32 kg CO2 eq./L biodiesel, without considering land use change [41]. However, if land use change is considered, this value would increase. Again, it would increase the WF, for example; the blue WF of biodiesel production based on the European Union’s data is ~0.06 m3/L of biodiesel [41].



In addition to fuelwood consumption, the brick sector is a major social issue because of the significant amount of clay consumed. Clay consumption in the brick sector is often linked to loss of agricultural productivity. Topsoil, which is the most fertile soil, is used in the brick sector; however, according to law, this is banned. If one farmer willingly or unwillingly sells the topsoil to brick manufacturers to maintain the level of land similar to the adjacent agricultural land, the other farmers also need to sell their topsoil to brick manufacturers. This is undertaken to maintain irrigation efficiency. This situation prevails in major parts of the country. The amount of agricultural land lost owing to brick production is also huge, as reported in government documents and other third-party reports. One possible solution to reduce clay consumption is to promote concrete bricks, which might cause fewer environmental effects in the long term. However, for short-term planning, reducing the brick mass could be an option by making the brick hollow, although further study is required to validate this alternative. We have provided the reduction potential of concrete bricks using a progressive reduction scenario by which we are able to show that a significant footprint reduction is possible as well as reducing clay consumption, which has major socio-environmental consequences.



To the best of our knowledge, this is the first comprehensive study regarding the environmental footprint of brick production in Bangladesh, a typical emerging country with a huge demand for bricks. There are several issues that should be kept in mind. First, the number of brick kilns and brick production (or consumption) data are estimated, and there are often discrepancies in government reports regarding the absolute number of brick kilns in the country. This could create some uncertainty in footprint accounting, although it is believed that the number of brick kilns and production is higher than the estimated value provided by the government reports, which was our main source of data. A centralized brickfield database could be useful to reduce uncertainty. The Department of Environment, through its regional branches, could update the information not only by locating the brickfields but also by collecting the inventory data directly from the brick manufacturers about their resource use.



Our inventory data come from only a few brickfield surveys covering only one type of technology, although it is the major one. A better understanding of the environmental burdens would require including inventory data from all existing brick-making technologies, which would provide better insights. However, this is beyond the scope of the present study, and we lack sufficient resources to do so. Thus, future research could refine these findings based on our estimates of the environmental footprints of brick-making in Bangladesh.
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Figure A1. Per capita brick production in Bangladesh from 2006–2030. 
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Figure A2. System boundary for brick production where the upstream flows of raw materials (clay/soil, water, coal, fuelwood, and sand) and energy (electricity) are included in the assessment. Dotted line represents the boundary of the brick kiln. 
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Figure A3. Carbon footprint of brick production in Bangladesh from 2006–2030 and total CO2 emission from the country during 2006–2018. Total CO2 emission of the country is sourced from the World Bank data portal (https://data.worldbank.org/indicator/EN.ATM.CO2E.KT?locations=BD (accessed on 22 November 2022)). 
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Figure 1. Carbon footprint of brick production in Bangladesh. (a) Carbon footprint of different materials. (b) Share of different materials in carbon footprint. 
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Figure 2. Water footprint of brick production in Bangladesh. (a) Water footprint of different materials. (b) Share of different materials in water footprint. 
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Figure 3. Water footprint of brick production in Bangladesh from 2006–2030. (a) Blue water footprint of brick production. (b) Grey water footprint of brick production. 
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Figure 4. Ecological footprint of brick production in Bangladesh from 2006–2030. 
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Figure 5. Water consumption land required for available water catchment induced by brick production in Bangladesh from 2006–2030. 
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Figure 6. Progressive reduction in (a) carbon footprint, (b) water footprint, and (c) clay consumption from brick production in Bangladesh. Scenario 1 shows the business-as-usual case whereas Scenario 2 represents a progressive reduction in brick production with an increase in the share of concrete brick production. Footprint values are set to 100% for the base period 2006. 
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Table 1. Process data for brick production in Bangladesh.
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	Input
	Per FU
	Unit





	Coal
	4.55 × 10−05
	ton



	Fuelwood
	3.09 × 10−01
	kg



	Water
	1.45 × 10−04
	m3



	Discharge
	4.55 × 10−06
	m3



	Electricity
	1.54 × 10−03
	kWh



	Diesel
	2.91 × 10−02
	L



	Machinery oil
	3.94 × 10−05
	L



	Hydraulic oil
	3.52 × 10−05
	L



	Kerosene
	1.61 × 10−06
	L



	Soil/clay
	2.23 × 10−01
	cft



	Sand
	4.78 × 10−03
	cft
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Table 4. Ecological footprint of built-up land of a single brickfield in Bangladesh.
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	Feature
	Occupied Land (ha)
	EF_Built-Up Land (gha)
	Share





	Kiln
	0.44
	0.62
	16.30%



	Labor accommodation
	0.27
	0.38
	10.00%



	Soil storage
	0.10
	0.13
	3.50%



	Fuel storage
	0.00
	0.00
	0.10%



	Water storage
	0.26
	0.36
	9.50%



	Brick drying
	1.93
	2.29
	60.50%



	Total
	3.00
	3.78
	100.00%
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Table 5. Comparison among carbon absorption, water consumption, and built-up lands required for brick production in Bangladesh during 2006–2030.
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	Year
	Carbon-Absorption Land (1000 gha)
	Water Catchment (1000 gha)
	Built-Up Land (1000 gha)





	2006
	2601.67
	8.12
	15.68



	2007
	2796.79
	8.73
	16.85



	2008
	2926.87
	9.13
	17.64



	2009
	3089.48
	9.64
	18.62



	2010
	3219.56
	10.05
	19.40



	2011
	3512.25
	10.96
	21.16



	2012
	3739.90
	11.67
	22.54



	2013
	4065.10
	12.68
	24.50



	2014
	4357.79
	13.60
	26.26



	2015
	4715.52
	14.71
	28.42



	2016
	4943.17
	15.42
	29.79



	2017
	5203.33
	16.23
	31.36



	2018
	5463.50
	17.05
	32.92



	2019
	5756.19
	17.96
	34.69



	2020
	6048.87
	18.87
	36.45



	2021
	6341.56
	19.79
	38.22



	2022
	6666.77
	20.80
	40.17



	2023
	7024.50
	21.92
	42.33



	2024
	7349.71
	22.93
	44.29



	2025
	7739.96
	24.15
	46.64



	2026
	8130.21
	25.37
	49.00



	2027
	8520.46
	26.58
	51.35



	2028
	8975.75
	28.00
	54.09



	2029
	9463.56
	29.53
	57.03



	2030
	9918.85
	30.95
	59.77
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