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Energy conservation in brick production is crucial to achieving net-zero 

carbon emissions from the building sector, especially in countries with 

major expansions in the built environment. However, widely disparate 

energy consumption estimates impede benchmarking its importance 

relative to the steel and cement industries. Here we modelled Indian brick 

production and its regional energy consumption by combining a nationwide 

questionnaire survey on feedstock, process variables and practices with 

remote sensing data on kiln enumeration. We found a large underreporting 

in current official estimates of energy consumption, with actual energy 

consumption comparable to that in the steel and cement industries in the 

country. With a total estimated production of 233 ± 15 billion bricks per year, 

the brick industry consumes 990 ± 125 PJ yr−1 of energy, 35 ± 6 Mt yr−1 coal 

and 25 ± 6 Mt yr−1 biomass. The main drivers of energy consumption for brick 

production are the kiln technology, the production capacity and the fuel mix 

used. The results suggest that improving operating practices would be a first 

step in making brick production more energy efficient.

Reducing the embodied energy of buildings (that is, the energy con-

sumed in the production of building materials such as steel, cement, 

aluminium and bricks) is critical to achieving net-zero emissions from 

the building sector1,2, especially in developing countries such as India, 

where construction activity is expected to double by mid-century3. 

While energy conservation targets have been proposed for India’s for-

mal industries4 (steel, cement and aluminium), there are no mandates 

to regulate energy consumption in the brick industry. According to 

India’s latest Biennial Update Report (BUR)5 submitted to the United 

Nations Framework Convention on Climate Change (UNFCCC), the 

brick industry accounts for a meagre share of the sector’s energy con-

sumption. However, substantial discrepancies exist in the estimated 

fuel consumption of the brick industry, with the BUR figures differing 

by a factor of 10–100 from those reported in official statistics6 and 

expert studies7–16 (Supplementary Table 1). This leads to uncertainties 

in the relative importance of the brick industry compared to other 

construction-related industries.

Several factors lead to such disagreements in energy consump-

tion. First, incomplete recording by official sources. In practice, official 

statistics6 rely on coal receipts to estimate industrial coal use. However, 
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on government websites. These were used to compile a list of over 

150 districts and the number of kilns in each (hereafter ‘enumerated 

districts’). The richness of the data is reflected in the complementary 

interactions between the different data sources (Fig. 1). The remotely 

enumerated districts and the decadal changes in brick-walled houses 

derived from the census data were used to develop a model for estimat-

ing brick production at the state level. Regional mean coefficients (cor-

responding to each state, Supplementary Table 3) from field surveys 

were used to disaggregate production by key operational characteris-

tics for each state. Finally, they were combined with the corresponding 

energy performance metric to obtain total and subnational energy 

consumption by kiln technology and fuel mix.

This study presents a framework integrating field surveys and 

remote sensing to estimate brick production and energy consump-

tion. Field surveys allow a better understanding of the diversity in 

regional practices, while remote sensing allows better enumeration of 

kilns and associated total activity. This work adopted a national scale 

of field surveys and remote sensing beyond the typical cluster-level 

approach11,13. The wide distribution of survey sites in this study, going 

beyond existing information11, is useful for investigating regional varia-

tions in production capacity, fuel mix, and brick mass and dimensions. 

It offers new insights into additional factors influencing the energy 

performance of a kiln. Furthermore, the application of remote sensing 

to the Indian brick sector in existing studies17,18 typically focuses on a 

single technology (that is, BTKs) or region (that is, IGP) and is limited to 

addressing labour issues and air pollution hotspots. However, this work 

uses remote sensing to enumerate brick kilns and estimate production 

at the subnational level, providing new information on sectoral activ-

ity by state and technology. Together, these allow benchmarking of 

overall production and energy use in the Indian brick industry, as well 

as analysis of subnational practices to inform the decoupling of brick 

production and energy use.

Overall, this framework attempts to leverage the strengths 

of field surveys and remote sensing in tandem while recognizing 

their independent limitations. Recent advances in remote sensing 

unlike formal industries such as steel and cement, the brick industry 

in India is highly unorganized, with no complete record of the actual 

coal supply and consumption. In addition, the industry also relies on 

biomass fuels, which are sourced locally and are not captured in offi-

cial records. Second, there is no official production data to correlate 

with reported coal consumption. Third, expert studies7–16 lack meth-

odological detail. Estimates are typically based on rough bottom-up 

calculations of activity and distribution of kiln technologies at the 

national level without considering regional differences in operating 

practices. Finally, despite consultation among brick manufacturers 

and independent groups of industry experts, an extreme paucity of 

datasets has impeded robust energy benchmarking for this industry. 

Therefore, this study aims to resolve the disparities in energy consump-

tion in brick production through a transparent framework that includes 

sufficient information on raw materials, process variables, practices 

and kiln counts, with attention to regional diversity. As a result, this 

study contributes to improving future life-cycle assessments of Indian 

brick production by generating a new dataset of regional inputs for 

evaluating the embodied energy of fired-clay bricks.

Framework design
The analysis presented here is based on input from field surveys, remote 

sensing data and secondary data. Digitally recorded in-person surveys 

of over 500 kilns—a mix of Bull’s trench kilns (BTKs), clamps and zigzag 

kilns—spread across 25 districts in 9 states (Supplementary Table 2) 

were analysed to determine the regional mean distribution of kilns by 

production capacity, type of fuel mix, brick characteristics (that is, mass 

and dimensions) and energy performance. The survey responses reveal 

notable differences in kiln characteristics across six broad regions of 

India: North, Indo-Gangetic Plain (IGP), North-East, East, Peninsula and 

West (Supplementary Tables 3–6). Three data sources were used to 

determine kiln density (number of kilns per district): manual scanning 

of high-resolution satellite imagery of major brick-producing districts 

in India (Supplementary Fig 2), Right to Information (RTI) petitions 

registered with state pollution control boards and information available 

Primary survey

• Brick characteristics: mass and 
dimensions

• Kiln characteristics: production 
capacity and fuel mix

• Fuel consumption by fuel type per 
technology type

Remote sensing data

• Number of kilns per district

• Technology type classification per 
district

Secondary data

• Brick-walled houses by district and 
state from Census 1991, 2001 and 
2011

• Calorific value by fuel type

Regional coefficients

• Regional mean distribution of brick characteristics 
- mass and size of bricks

• Regional mean distribution of kiln characteristics –
production capacity and fuel mix

• Regional mean distribution of technology type
• Specific energy consumption by technology type

Regression model variables

• Total production (number of bricks) for geotagged 
districts

• Decadal change in brick-walled houses (2007–2017)
   for geotagged districts

Final output

• India brick production (numbers and mass)
• India energy and fuel consumption by fuel type

Fig. 1 | Schematic of the research design. Multiple data sources, combining primary survey remote sensing and secondary datasets, to estimate fuel consumption for 

fired-clay brick production in India.
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techniques have enabled experts to estimate the amount and location 

of activity over a large region, bypassing the impractical logistical 

demands of field-based surveys. However, remote sensing cannot 

capture underlying operational practices, which require carefully 

designed field surveys that capture regional differences in kiln pro-

duction capacity, operating hours and fuels used, among other vari-

ables. While the framework is illustrated for the Indian brick sector, 

it could be adapted to similar data-deprived informal sectors across 

developing countries.

Results
Energy performance of brick kilns
The energy performance of kilns is expressed as the energy consumed 

(megajoules, MJ) per unit mass of total fired bricks (kilograms, kg), 

referred to as specific energy consumption (SEC, MJ kg−1 brick). This 

study uses reported information on production numbers, weight of 

bricks and fuel quantities collected during field surveys to estimate 

the range of SEC (see Methods). Compared to existing reports (Sup-

plementary Table 24), this study includes a larger number of datasets 

and greater regional coverage.

Energy performance is primarily a function of kiln technology. In 

India (as in other Southeast Asian countries), traditional technologies 

such as BTKs and clamps are dominant8,19,20, with conservative shares of 

advanced versions such as zigzag and vertical-shaft brick kilns (VSBKs). 

Details of the operation of different kiln technologies have been pub-

lished previously21. Briefly, BTKs are a type of continuous kiln in which 

the bricks are warmed, fired and cooled simultaneously in different 

parts of an oval circuit around a chimney by the air flowing through 

the stacked bricks. In contrast, clamps are a type of intermittent kiln in 

which bricks and fuels are stacked in layers and then fired. The bricks 

are allowed to cool, emptied and restacked after each fire. Zigzag kilns 

are an advanced version of BTKs in which the air flows in a zigzag path 

to improve heat transfer from the hot air to the bricks. Focusing on 

the three dominant technologies in India, analysis of the survey data 

showed that the SEC varies by a factor of two across kiln technologies, 

with clamps having the highest SEC, followed by BTKs and zigzag kilns 

(Fig. 2a and Supplementary Table 8). BTKs and clamps can reduce their 

fuel consumption by 10% and 40%, respectively, by shifting to zigzag 

technology. This reinforces the current governmental push towards 

zigzag kilns22. The SEC range from this study agrees well with those 

previously reported (Fig. 2a and Supplementary Table 24).

The variability in the SEC can be attributed to several factors, 

including the diversity of operating practices and feedstocks. The 

influence of fuel mix and production capacity is discussed here. The 

evaluation of kiln technologies by fuel mix (Fig. 2c,d) showed that the 

energy performance of 100% biomass kilns among BTKs and zigzags 

is almost 1.3 times worse than those using 100% coal. One reason could 

be the higher moisture content of biomass fuels, which requires part of 

the combustion energy to drive out the moisture. In addition, for BTKs 

and zigzags, the improper feeding arrangement of loose biomass fuels 

(such as mustard stalks) leads to the burning of fuel before feeding, 

resulting in wasted energy. This is consistent with a previous study14 

that reported higher SEC for biomass-fired kilns. Furthermore, sen-

sitivity analysis (Supplementary Discussion Section 8) confirms that 

the variation in SEC holds across the range of calorific values of fuel 

types (Supplementary Fig. 4a). However, this pattern is not evident for 

clamps. For both BTKs and zigzags, the production capacity of the kiln 

does not affect the SEC. However, for clamps, the mean SEC decreases 

substantially, by up to 30%, as the production capacity increases (Fig. 

2b). This is consistent with a previous measurement23 that reported a 

lower SEC for large clamps. This suggests that the current practice of 

expressing SEC by kiln technology alone gives an inaccurate picture of 

energy consumption. Thus, both the adoption of advanced technology 

and subsequent operational practices are critical to ensuring energy 

reductions.

Given that both kiln technology and operating characteristics 

influence energy performance, accurate estimates of the magnitude 

of energy consumption require estimates of brick production at a 

‘subnational level’, disaggregated by ‘operating characteristics and 

technology’.

Brick production
There are no official statistics on the brick activity at either the national 

or regional level. Therefore, a model is developed to generate data on 

state-level production of fired-clay bricks parsed by kiln technology. 

The demand for brick production is largely driven by the residential 

housing sector, as almost 50% of all houses in India use fired-clay 

bricks24. Given the large volume of construction underway in response 
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Fig. 2 | Energy performance of dominant kiln technologies in India. a–d, 

The range of SEC (MJ kg−1 brick) for dominant kiln technologies in India: clamps 

(blue), BTKs (grey) and zigzag (pink) for all kilns surveyed (a), clamps distributed 

by their production capacity (low, med, high) (b), BTKs (c) and zigzag (d) kilns 

distributed by fuel mix. Boxplots represent the energy consumption from the 

use of external fuels: box, 25th (Q1) and 75th (Q3) quartiles; whiskers, minimum 

(Q1 – 1.5(Q3–Q1)) and maximum (Q3 + 1.5(Q3–Q1)); white dot, sample mean; 

black line, median; ‘x’, outliers. The clamps surveyed in this study also used 

internal fuels (see Supplementary Information). The total mean SEC for clamps 

after accounting for internal fuels is represented by the blue dot and the range 

is represented by the dashed blue line. Estimates from previously reported 

studies are shown as scattered dots (in olive). See Supplementary Table 24 for 

the complete list of studies. ‘n’ represents the total number of kilns included in 

the range from this study (without brackets) and from previous studies (with 

brackets). Purple dots in b denote values from ref. 23 and pink dots in c denote 

values from ref. 14.
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to the national housing programme25,26, production of fired-clay bricks 

is expected to increase in line with demand. In the absence of adequate 

data on actual brick production, changes in the number of brick-walled 

houses serve as a good proxy for estimating expected brick production.

Prod = 0.0037 × Dec

BWH

+ 205.23 (1)

Districtwise production from the enumerated districts is regressed 

with a decadal change in brick-walled houses from the Census of India24 

to generalize brick production (‘Prod’) for any year as a function of 

the decadal change in the number of brick-walled houses before that 

year (‘DecBWH’) (equation 1). While various combinations of other avail-

able secondary data (such as built-up area and land use/cover) were 

explored, brick-walled houses proved to be the best fit (Fig. 3). Details 

of the regression inputs, statistics, robustness and validation of the 

model are provided in the Supplementary Discussion Sections. From 

the statewise changes in brick-walled houses between 2007 and 2017, 

the model estimated total brick production in 2017 to be 233 ± 15 billion 

bricks (Fig. 4a and Supplementary Table 22).

Regionality in brick activity
The following section discusses the regional diversity in brick produc-

tion, kiln technology and certain operational practices that are essential 

for accurate energy consumption estimates.

Most of the production (~45%) is concentrated in the IGP region, 

followed by the peninsula (30%). States in the west and east are respon-

sible for 10% and 8% of the production, respectively, while the contri-

butions from the North and North-East are meagre (~5%) (Fig. 4a). This 

implies that the operational practices in the IGP and the Peninsula have 

the largest influence on national energy consumption. Further disag-

gregation of state-level production by kiln technology using the mean 

fractional share from the enumerated districts (see Methods) showed 

that BTKs (75–95%) dominate brick production in all regions except in 

the Peninsula (~13%), where clamps are the most popular technology 

(~73%) along with a sparse presence of down draught kilns (DDKs) and 

Hoffman kilns (Fig. 4a). The penetration of zigzag is notable only in the 

IGP and North regions (20–25%), with Bihar (~40%) and West Bengal 

(~30%) accounting for the largest shares. Overall, BTKs contribute 60% 

to the national production, followed by clamps (24%), zigzag (12%) and 

DDKs plus Hoffman kilns (4%) (Fig. 4a). Given that almost 90% of the 

kilns still rely on traditional technologies, the timely implementation 

of the latest national brick emission standards22 (that is, a complete 

shift to advanced technologies such as zigzag and vertical-shaft brick 

kilns) seems quite ambitious.

Brick kilns are generally found in clusters in rural and peri-urban 

areas. Kilns within a cluster tend to have similar operating practices. 

However, there are differences at the regional level due to differences 

in technical expertise and socio-economic conditions. Descriptions of 

different categories of operational characteristics are presented in the 

Methods and Supplementary Discussion Section 4. Medium-capacity 

kilns dominate all regions and technology types. Low-capacity BTKs are 

present in the North and North-East regions, while high-capacity BTKs 

are found in the West and Peninsula regions (Fig. 4b and Supplementary 

Table 17). Low-capacity zigzag kilns are rare, but high-capacity zigzag 

kilns are spread across the North and the West. In terms of fuel mix 

(Fig. 4c, and Supplementary Tables 18 and 19), kilns using only coal 

are the most common type and are found in almost all regions. Kilns 

using 100% biomass are confined to the West and Peninsula regions. A 

large proportion of kilns use a mix of coal and biomass fuels. Of these, 

the coal-dominated kilns (with >50% share for coal) are found in the 

North, IGP and East regions, while the biomass-dominated kilns (with 

>50% share for biomass) are found mainly in the Peninsula region, with 

a few in the IGP and in the North. The choice of fuel mix also varies con-

siderably from year to year, depending on fuel prices and availability. 

Characteristics such as the mass and dimensions of the bricks, which 

are also crucial in expressing the energy performance of a kiln, also 

show regional variations (Supplementary Tables 20 and 21).

Energy and fuel consumption by the brick industry
In contrast to existing estimates, this study combined relevant input 

parameters at the subnational level to estimate the energy and fuel 

consumption (see Methods). The total energy consumption for pro-

ducing fired-clay bricks in India is estimated to be 990 ± 125 PJ yr−1 (Fig. 

5). Energy consumption by state is given in Supplementary Table 23. 

BTKs (55%) have the highest energy consumption, followed by clamps 

(~35%) and zigzag kilns (10%). In terms of fuel mix (Fig. 5), coal is the 

most-used energy source (~68%), with a national consumption (as an 

external fuel) of 35 ± 6 Mt yr−1. Biomass-based external fuels account for 

24% of the total energy consumed. The use of crop residues is dominant 

in the North and IGP regions, while firewood is predominant in the Pen-

insula, West and East regions. Biomass as an internal fuel is estimated 

to contribute the remaining ~8%, with bagasse and rice husk as the 

dominant fuel sources. The total biomass consumption is estimated 

to be 25 ± 6 Mt yr−1. Rubber tyres and oil are also used as fuel in a small 

number of kilns. Uncertainty is reported as ±1σ (standard deviation) 

and was obtained through a Monte-Carlo simulation of 10,000 itera-

tions for a range of values of various input parameters (Supplementary 

Discussion Section 8 and Fig. 4b)

A comparison of production and energy consumption by state 

(state-specific SEC) shows that states with higher production have a 

lower energy ranking (Fig. 5). This highlights the potential for decou-

pling energy use from brick production through the identification of 

best practices, in addition to better technology. Statewise SECs vary 

by a factor of two: Peninsular states have the highest SEC (>1.6 MJ kg−1 

brick), while states in the East and West regions report moderate SEC 

(1.3–1.6 MJ kg−1 brick). States in the North and IGP have the lowest SEC 

(<1.3 MJ kg−1 brick). Kiln technology and the choice of fuel mix strongly 

influence the overall performance of a state. The high SEC in the Pen-

insular states can be explained by the dominance of clamps. Although 

regions in the East and West have a higher proportion of fuel-efficient 

BTKs, the energy savings are offset by the presence of biomass-based 

kilns, resulting in moderate levels of SEC. Finally, the presence of zigzag 

kilns and coal-dominant fuels results in low levels of SEC in the North 

and IGP states.
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The subnational analysis presented here improves the accuracy of 

total energy consumption by considering regional differences in key 

operating practices. While coal consumption is in good agreement, 

biomass consumption estimates from this study are almost double 

those previously reported (Supplementary Table 1). Previous expert 

estimates used a single SEC value per kiln technology, which did not 

account for the higher SEC of biomass-fired kilns, resulting in a lower 

biomass consumption estimate. In addition, this analysis provides 

useful insights into the links between industrial activity and energy 

use at a regional level. Both of these are not readily apparent from a 

country-level analysis11,13,15,27.

Discussion
Some limitations of this work are discussed below. The survey did not 

include physical measurements because of the behaviour bias of the 

manufacturers who feared government scrutiny or penalties related 

to emissions or resource extraction. However, response biases were 

minimized through consistency checks, use of local language interview-

ers for better communication and ensuring respondent anonymity. 

Further, the surveys revealed that the use of internal fuels is a grow-

ing practice. Also known as filler additives, these help to raise the kiln 

temperature, thereby reducing the use of external fuels and increasing 

the strength of the fired bricks. The most common types of internal 

fuel indicated in the surveys are agricultural waste and fly ash. Other 

examples of additives include waste from ores and industries28–31. How-

ever, the exact quantities were not recorded in the surveys. Therefore, 

the accounting of internal fuels is based on typical ranges reported in 

the literature (Supplementary Discusssion Section 5). Although inter-

nal fuels account for less than 10% of energy consumption, it is worth 

considering internal fuel use in future models to further improve the 

accuracy of energy consumption estimates.

Despite the limitations, this analysis provides key insights to 

improve the current understanding and enhance future sustainabil-

ity assessments for this sector. First, this study confirms that energy 

consumption is underreported in official estimates from this sector and 

urges policymakers to introduce energy-saving measures. According 

to the framework presented here, the estimated coal consumption of 

the brick industry is about two orders of magnitude higher than that 

reported in the third BUR5. In addition, biomass fuels account for a 

substantial share of the unreported energy supply. With the revised 

estimate, the energy consumption of the brick sector (990 PJ yr−1) is 

comparable to that of other formal construction sectors such as cement 

Legends
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(~550 PJ yr−1) and steel (~1,400 PJ yr−1)5. Moreover, given that the use 

of traditional, inefficient technologies can contribute to emissions 

of CO2 and short-lived climate forcers such as black carbon20,32,33, it is 

important not only to update the energy consumption and emissions 

levels of the brick sector in the communications to the UNFCCC but 

also to include the sector in the Indian climate agenda33.

Second, the study makes a formal estimate of the uncertainty 

in the energy and fuel consumption of brick production and limits 

it to within 15%. This includes uncertainty in brick production from 

the regression model, regional distribution of kiln technology and 

SEC per kiln technology from surveys (Methods and Supplementary 

Discussion Section 8). For a given technology, the survey covered not 

only several kilns within a single region but also from several regions. 

This ensured that the variability in SEC per kiln technology accounted 

for variability in operational practices due to labour behaviour from 

kiln to kiln (for example, water removal from the ceramic paste after 

brick moulding, fuel feeding rate and so on) and geographical factors 

that vary from region to region (for example, clay type, humidity, 

wind speed and so on). In addition, the SEC accounted for variability 

in calorific values based on fuel type (Supplementary Table 7a,b). 

While methodological improvements involving further disaggrega-

tion of SECs by additional behavioural and geographical factors can 

be attempted in future studies to improve sustainability assessments, 

uncertainty can be reduced by improving the collection of official data 

on brick production and fuel consumption. This calls for a sectoral 

reform that ensures the registration of all brick kilns in operation 

through formalization under unified administrative oversight. This 

will also enable monitoring and tracking of the performance of this 

industry in the future.

Third, this work provides the largest field survey and remote 

sensing datasets on the Indian brick sector available so far. The sur-

vey dataset can be used to develop and disseminate standard operat-

ing protocols for sectorwide best practices. It can provide a strong 

foundation for any future initiative in the sector, particularly for 

the South Asian region19. Furthermore, expanding the scope of kiln 

enumeration requires a shift from manual geotagging to automated 

geotagging18, for which the current set of geotagged data can be used 

to train image-processing algorithms. These results could provide 

regional-level inputs for (1) multicriteria decision tools34 for better 

selection of sustainable alternatives, (2) life-cycle assessments35 and 

embodied energy analysis36,37 in the building sector, and (3) analy-

sis of energy savings from waste recycling28–31 and other innovative 

practices38,39.

Finally, this study provides evidence for interim energy-saving 

strategies to decouple energy use and production. Current policies 

to reform the brick sector primarily endorse (1) a shift towards zigzag 

and vertical-shaft brick kilns, (2) the use of mixed feedstock with clay as 

well as new resources such as fly ash from coal-fired power plants and 

(3) the use of non-fired fly-ash bricks. The results of this study suggest 

that targeting improved operational practices rather than such large 

technological shifts, which may be hampered by the unavailability of 

capital or new resources, is more likely to yield positive results in the 

short term while setting the stage for large shifts in the future. In par-

ticular, shifts from biomass to coal-based fuels in the case of BTK and 

zigzag kilns, and from low-capacity to high-capacity clamps, through 

incentives to producer consortia can reduce up to a third of total energy 

consumption. These constitute vital steps toward improving the sus-

tainability of the building sector.

Methods
Data collection
A pan-India field survey was planned wherein research scholars from 

various institutes visited brick kilns to collect information through a 

questionnaire-based survey. The objectives of the survey were primar-

ily driven by the needs of the sectoral methodology to estimate the 

most representative fuel consumption for fired-brick production, 

which included gathering information on (1) the typical production 

capacity per state per kiln type, (2) the weight and dimensions of bricks 

and (3) fuel mixes used across different states. A systematic approach 

was adopted to finalize the districts for survey (Supplementary Table 

2). In each district, around 20–25 kilns were visited randomly to capture 

a representative sample. A questionnaire was designed specifically to 

collect the necessary information for the methodology after consul-

tation with experts from this sector (Supplementary Fig. 1). While the 

paper-based questionnaire was kept as a back-up, the preferred mode 

of survey was an android application. The application was designed 

and developed specifically for the field survey. The questionnaire 

was pre-loaded in the application for the interviewers to collect the 

response. The use of the application enabled real-time collection of 

data in digitized form within a centralized repository, which could then 

be readily used for subsequent analysis.

Besides the survey data, an effort was made to utilize satellite 

images to manually scan the area and locate brick kilns (geotagging) 

and identify their technology types. The aim was to enumerate the 

kilns within a district. The number of districts where there is ‘high 

probability’ of finding kilns was obtained on the basis of preliminary 

information from stakeholders, entrepreneurs, available literature 

and field surveys. The districts were then selected randomly and no 

district was preferred on the basis of any specific kiln parameter. Our 

aim was to cover as many states as possible to capture a nationally 

representative sample. The Google Earth Pro software was used for 

mapping because it is open source and has a user-friendly interface 

to map and organize the marked locations. In the exercise, the district 

area was scanned grid by grid and each kiln was manually tagged on 

the basis of certain visual cues. The characteristic shape of BTK is oval 

and that of zigzag is rectangular. Consultation with industrial experts 

and brick owners from surveys suggests that this is around 95% valid as 

a zigzag kiln requires zigzag-line firing, which can be achieved better 

with a rectangle shape. Both kiln types have a chimney at the centre. 

DDKs and Hoffman kilns look like a closed shed with a chimney at 

the centre or at one end of the structure. It was difficult to differenti-

ate between them, hence they were grouped together. Clamps have 

rectangular shape with visible excavation marks and brick stacks for 

sun drying. See Supplementary Fig. 2 for the top view of kilns from 

the satellite images.

Coal

Biomass

BTK

Zigzag

Clamp

Andhra Pradesh

Uttar Pradesh

Maharashtra

Bihar

West Bengal

Gujarat
Odisha

Rajasthan

Madhya Pradesh
Tamil Nadu

Karnataka

Haryana

Jharkhand

Punjab

Chhattisgarh

Others 18%

43%

13%

25%

320 PJ yr–1

332 PJ yr–1

555 PJ yr–1

103 PJ yr–1

Technology share Fuel share

Effective SEC for state

(MJ kg−1  brick)

1.6–1.3>1.6 <1.3

Internal fuel

Saw dust

Crop residue

Firewood

670 PJ yr–1

(35 Mt yr–1)

(25 Mt yr–1)

Fig. 5 | Energy and fuel consumption of the brick industry (2017). Total 

energy consumption for brick production in India for 2017, distributed by kiln 

technology and fuel type. Total amount of fuel consumed is indicated in brackets. 

States are arranged by effective specific energy consumption (ratio of total 

energy (MJ) to total production (kg) for each state). Influence of key drivers of the 

effective SEC, that is, share of kiln technology and fuel mix to total production in 

the state is also shown.
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The central data collection system facilitated through the android 

application enabled easy compilation and processing of survey data. 

Since the survey responses relied mostly on verbal communication, 

it was prone to erroneous data entries. Thus, a meticulous quality 

check was carried out for each survey entry. Only responses that were 

found to have unrealistic values were discarded. This still yielded 210 

BTK, 58 clamp and 22 zigzag samples. These are not only larger than all 

previous studies combined but also include greater regional coverage. 

For geotagging, several independent scans were repeated at random 

districts by multiple research scholars to validate for human error. Kiln 

operating conditions were also checked; common signs of a neglected 

kiln were dense vegetation cover over a kiln area, lack of soil prepara-

tory activity around a kiln and absence of any major clusters around 

a kiln. Further, to prevent confusion with other industries, effort was 

made to scan the surrounding areas for signs of eroded soils, stacks of 

green bricks, muddy patches and lack of vegetation (also used in recent 

image-processing studies18).

Besides the data collected primarily as part of the project, addi-

tional sets of available secondary data were compiled as input to the 

framework. These comprise the list of districts with number of kilns 

from RTI petitions, governmental websites40,41, a published report42, 

and the number of brick-walled houses for 1991, 2001 and 2011 from 

Census of India24.

Estimating regional coefficients
Regional coefficients are defined as the fraction of kilns in a region 

having a specific operational characteristic as previously elaborated. 

These were estimated to analyse the differences in operational char-

acteristics across the country. The whole country was divided into 

six broad regions that are expected to have common characteristics 

within them: North, IGP, North-East, East, Peninsula and West, as the 

key characteristics influential to energy performance (production 

capacity, mass per brick and fuel mix) varied substantially across 

these regions (Supplementary Tables 4–6). The list of states grouped 

into these regions is presented in Supplementary Table 3. For each 

technology type, the survey responses were parsed by region. For each 

region, kilns were grouped by one characteristic at a time to estimate 

the regional distribution for that characteristic. The characteris-

tics included: (1) production capacity, (2) fuel-mix type, (3) volume 

or size and (4) weight. The production-capacity category included 

low, medium and high. Based on official standards for BTKs/Zigzag, 

low-capacity kilns are those with production up to 15,000 bricks per 

day (~4.5 lakhs per month; 1 lakh = 0.1 million), medium-capacity 

kilns produce in the range of 15,000–30,000 bricks per day (~4.5–9 

lakhs per month) and high-capacity kilns have production greater 

than 30,000 bricks per day (>9 lakhs per month). For clamps, there 

is no such standard. However, from expert consultation during sur-

veys, clamps could be categorized as low-capacity kilns with up to 

50,000 bricks per stack, medium-capacity kilns with production 

of 0.5–1 lakh bricks per stack and high-capacity kilns with produc-

tion greater than 1 lakh per stack. Volumes included 23 × 10 × 7.5 cm 

(0.0017 m3), 23 × 15 × 7.5 cm (0.0025 m3), 25 × 13 × 7.5 cm (0.0023 m3) 

and 18 × 7.5 × 7.5 cm (0.0010 m3). Mass included 2, 3.5, 3 and 4 kg. 

Fuel mix included 100% coal, 100% biomass and mixed fuel (that is, 

mix of both coal and biomass, either coal-dominated (>50% coal) or 

biomass-dominated (>50% biomass)). A summary of the characteris-

tics encountered is discussed in Supplementary Discussion Section 

4. A mean picture of fractional shares to total production from the 

surveyed kilns for each of these characteristics was estimated for 

each region. For characteristics (1) and (4), the fractional shares were 

estimated as the production-weighted average of these groupings for 

each kiln technology–region combination from the survey, while for 

characteristics (2) and (3), the fractional shares were estimated as the 

production-weighted average by region. The summary of coefficients 

is presented in Supplementary Tables 17–21.

Estimating SEC
The energy performance of a kiln was expressed as the total energy 

consumed (MJ) per unit mass of brick (kg) produced, referred to as 

SEC (MJ kg−1 brick). Total SEC is the sum of input energy from ‘external 

fuels’ that are fed externally to the stacks of unfired bricks (external 

SEC) and ‘internal fuels’ that are mixed along with the soil during clay 

preparation (internal SEC). External SEC for each of the three tech-

nology types was calculated from the reported fuel quantities that 

are fed externally into the kilns and brick production from the survey 

responses (Supplementary Discussion Section 5). The mass of each 

fuel type was converted into energy units using mean calorific values 

(Supplementary Table 7). Brick kilns typically source their coal from the 

nearest coalfield, with northern and central India coal calorific content 

ranging between 4,000–5,000 kcal kg−1 (Supplementary Table 7a) and 

coal availability weighted mean calorific content being 4,362 kcal kg−1 

(Supplementary Table 7a), leading to an assumption of coal calorific 

content of 4,500 kcal kg−1 (~19 MJ kg−1) in this estimate. Calorific values 

of biomass fuels were based on measurements of samples collected 

during the surveys (Supplementary Table 7b). Calorific values of bio-

mass fuels depend on the type of firewood and crop residue. Thus, we 

assumed the mean of calorific values from samples of popular biomass 

types used in kilns across regions. Internal fuels were found only in 

the Peninsular region, and were thus only accounted for in clamps 

(Supplementary Discussion Section 5). Estimates from this study were 

compared with those of previous studies (Supplementary Table 24)

Estimating brick production
Following the assumption that housing construction is the major driver 

of production, a univariate linear regression analysis was carried out, 

with district production as the dependent variable and the districtwise 

decadal change in brick-walled houses from 2007 and 2017 as the 

independent variable based on Census data.

•	 Dependent variable. The geotagging exercise enumerated kilns 

in 96 districts including all districts in Punjab and Assam, among 

others. The RTI petitions and publicly available information 

on state governmental websites and few independent studies 

provided the numbers for an additional 121 districts including all 

districts of Uttar Pradesh and Bihar, and nearly all for Haryana, 

among others (Supplementary Table 11). Using the mean pro-

duction capacity per kiln from surveys, the total brick produc-

tion in these districts was estimated. For districts that had data 

from overlapping sources, a comparison was made between the 

kilns enumerated by geotagging and those collected through 

RTI petitions and government websites (Supplementary Table 

10). Overall, the RTI or officially reported values were on the 

lower side because RTI and government data account for only 

registered kilns, which constitute a fraction of the total oper-

ating kilns. Other issues with official reporting is probable 

inclusion of closed kilns, thereby reporting higher numbers of 

kiln than the geotagged estimate. Thus, for districts that had 

overlapping sources, geotagged data were preferred.

•	 Independent variable. Information on districtwise brick-walled 

houses is available for three years: 1991, 2001 and 2011 from the 

Census of India. Thus, to estimate the number of brick-walled 

houses for 2007 and 2017, an exponential curve was fitted across 

the data for these 3 yr for each district.

Regression statistics are presented in Supplementary Table 12. 

Other variables such as districtwise built-up area and land-use type 

from the Bhuvan satellite product were also tested but yielded very 

poor regression fit. Therefore, the model was based only on one inde-

pendent variable. A series of steps were followed to make the model 

more robust (Supplementary Discussion Section 7). First, the stand-

ardized residuals were checked to remove outliers through an iterative 

process. Datapoints yielding standardized residuals greater than 2.5 
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were removed in each iteration. The iteration was stopped until remov-

ing the outliers did not make further notable impact on the regression 

statistics. Second, the residual plot was checked for random pattern 

(Supplementary Fig. 3). Finally, a regression was calculated for a series 

of different cases that excluded all districts from Bihar, Uttar Pradesh, 

Haryana, Assam or Punjab, or included only geotagged data, public 

portal data or RTI data (Supplementary Table 13). Moreover, the effec-

tiveness of the model was validated by comparing the model output to 

a historical estimate (Supplementary Table 14).

The technology-distributed districtwise production from the 

geotagging was used to estimate the mean technology share for state 

and region. For each of the 19 states, there were at least 3 districts 

geotagged. Thus, for each state, a mean production was estimated 

under each technology type by averaging data for the districts. Using 

this, a mean fractional share per technology type was estimated as the 

ratio of mean production for a technology type to the total statewise 

mean production. Similarly, averaging the districts within a region 

was done to estimate the fractional share of technology type for the 

region. Finally, the statewise fractional share was used for states that 

were geotagged and the regional fractional share was used for states 

that were not geotagged (Supplementary Table 16). This fractional 

share was multiplied by the corresponding state-level production to 

obtain the production by technology type.

Estimating energy use
In our approach for calculating energy and fuel consumption, we 

began by estimating the state-level brick production ‘Bs’ (millions per 

yr) using the regression model. For each state, the production, Bs was 

apportioned into various kiln technologies ‘k’ using the kiln share ‘tk,s’ 

(%) based on geotagging datasets. Further, for each kiln technology, 

the production was apportioned into specific characteristics ‘ck,s’ (%) 

that influence their energy performance. For BTK and zigzag, produc-

tion was split into three categories of fuel mix and for clamps, three 

categories of production capacity. The amount of brick produced was 

converted to mass of the bricks produced using the representative 

weight ‘ws’ (kg) of one fired-clay brick in that state. Subsequently for 

each kiln technology–factor combination, the corresponding specific 

energy consumption ‘SECc,k’ (MJ kg−1) was used to estimate total energy. 

Energy use was converted to fuel consumption using the regional coef-

ficient for fuel characteristics such as the fractional share of fuel mix 

‘FFf,s’ (%) for fuel type ‘f ’ in each state and calorific value ‘CVf’ (MJ kg−1).

F

f,s

= ∑

k,c

B

s

× t

k,s

× c

k,s

×w

s

× SEC

k,c

× FF

f,s

CV

f

(2)

The production from DDK/Hoffman kilns was very low and it was 

difficult to separate DDK from Hoffman on the basis of satellite images. 

Thus, the production from these technologies was added to those for 

clamps for energy and fuel quantification. For BTKs and zigzag, the SEC 

varied by choice of fuel mix, while for clamps it varied by production 

capacity. Thus, the total production was distributed across the fuel-mix 

and production-capacity categories using regional coefficients from 

survey responses.

Uncertainty analysis
Uncertainties in SEC, brick production, energy and fuel consumption are 

reported as ±1σ (standard deviation). Uncertainties in brick production 

for each state were estimated on the basis of the uncertainties in coeffi-

cients from the regression model. The standard deviations for each state 

were added linearly to calculate the uncertainty for the national brick 

production, as the state-level values were obtained from common input 

and were not independent. For SEC, the uncertainty was estimated from 

survey responses as the mean and standard deviation of all samples per 

kiln technology. Further, a Monte-Carlo simulation of 10,000 iterations 

was performed to evaluate the influence of caloric values of different 

fuels on the SEC values and to compute the uncertainty in total energy 

and fuel consumption (Supplementary Discussion Section 8).

Reporting summary
Further information on research design is available in the Nature Port-

folio Reporting Summary linked to this article.

Data availability
All input data used in this study are presented in Supplementary Infor-

mation. Any additional data can be made available upon request to 

the corresponding author. Source data are provided with this paper.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection a) Field surveys:- Custom made android application to collect survey responses. b) Geotagging kilns:- Google Earth Pro for scanning satellite 

images over desired study areas.

Data analysis Microsoft excel v2016

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Not applicable

Population characteristics Not applicable

Recruitment Not applicable

Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description The analysis presented here is based on inputs from field surveys, remote sensing data and secondary data. We analysed digitally 

recorded in-person surveys from over 500 brick kilns across India. to determine the regional variations in kiln operations. To arrive at 

the density of kilns (number per district), we used three data sources: manual scanning of high-resolution satellite imagery of major 

brick-producing districts in India using Google Earth Pro, Right to Information (RTI) petitions registered with state pollution control 

boards, and information available on government websites. On the basis of these, we developed a list of over 150 districts and the 

number of kilns present in each. Remotely enumerated districts together with decadal changes in brick-walled houses, derived from 

the census data, were used to develop a model to estimate brick production at the state level. Regional mean coefficients from field 

surveys were used to parse production by key operational characteristics, and they were combined with the corresponding energy 

performance metric to yield total and sub-national energy consumption by kiln technology and fuel-mix. 

Research sample Kilns manufacturing fired clay bricks

Sampling strategy Sampling was done to select districts for field survey and geo-tagging. The brick survey aims to cover the regional differences in the 

production capacity, distribution of various kiln technologies and fuel mixes used across the nation. Following this, first step is to 

identify the states which cover i) maximum production ii) all prominent kiln technologies and iii) different fuel mixes. Three different 

lists of states are prepared fulfilling each criterion individually through different sources such as journal articles, government reports 

and websites. The final list is compiled by clubbing the states in the lists. This ensured that regions with higher probability of brick 

manufacturing as well diversity are selected to capture a nationally representative sample. The location of the survey is narrowed 

down from state-level by identifying three to four districts or regions from each identified state using the above resources, Google 

Maps and expert consultation. District selection was random. After preparing the list of districts, a ground truthing of existence of 

brick kilns is done through local investigation (presurvey visits and contacting the respective state pollution control board). Further, 

within a district 20-25 kilns were visited randomly. The brick entrepreneurs are contacted and their consent is obtained prior to 

survey. Brick industry is a very sensitive sector and many owners/manufacturers are reluctant to participate in such surveys. So it was 

only possible to visit kilns for which permissions was granted. However, it was ensured to cover as much different regions as possible. 

Regional variation was more important than quantity per region for the analysis presented here. 

In regard to geo-tagging, major brick producing regions were identified in consultation with experts from this industry. District were 

then selected randomly across the country.

Data collection Survey data was collected using a custom made android application. Geotagging was done using Google Earth Pro.

Timing and spatial scale The field visits were carried out in multiple phases during the brick making season from 2019 to March-2020 (before the pandemic). 

Geotagging was carried out by scanning satellite images for the same period.  

Both field survey and geotagging were spread across various locations in India.

Data exclusions Data from field surveys were excluded when the responses seemed unrealistic and did not adhere to the consistency checks.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 

repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization All kilns were selected in random. During analysis of survey responses, these were grouped into 6 regions which showed significant 

differences in key operational parameters based on the correlation test. 
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Blinding Personal information of kiln owners are kept anonymous and not included in the analysis.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Field visits to various brick kilns were made to conduct questionnaire-based survey for collecting kiln information. The field-condtion 

such as temperature/rainfall etc. are not relevant to the analysis.

Location The field visits were carried out at various locations across India (nearly 25 districts of India and around 10-25 kilns per district)

Access & import/export Since brick industry in India is a very sensitive and unorganized sector, prior permissions from the local brick associations/groups/

communities were obtained.

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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