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Introduction 
Energy performance and emissions were measured at seven brick kilns in Colombia in summer 2016. 

Measurement results include energy consumption, brick production rate, and emissions of particulate 

matter 2.5 microns or less (PM2.5), organic carbon (OC), elemental carbon (EC), carbon monoxide (CO) 

and sulfur dioxide (SO2). The measurements were part of a larger project funded by the Climate and 

Clean Air Coalition (CCAC) Bricks Initiative. The project objectives were to obtain measurement results of 

kilns in Colombia, to test and refine equipment and methods for measuring climate relevant emissions, 

and to build measurement capacity in Colombia for climate relevant emissions. 

The brick kilns were selected by industry experts at Corporacion Ambiental Empresarial (CAEM) that 

were representative of the range of kilns used in Colombia . CAEM is familiar with the Colombian brick 

sector and used an inventory of kilns in Colombia to select a Hoffman, Tunnel, two Zigzag, two 

Colemena, and an Artisanal kiln for measurement. These kiln types account for nearly all brick 

production in Colombia. A summary of the kilns measured is given below.  

Table 1: Summary of kilns measured 

Kiln  Region Dates 
measured 

Process 
type 

Fuel Feeding method Production 
rate (kg/day) 

Bricks per 
batch (kg) 

Hoffman 
 

Cundinamarca Jul 27-29 Continuous Coal Manual carbojet 185,000 - 

Zigzag 1 Cundinamarca Aug 3-5 Continuous Coal Manual carbojet 120,000 - 

Zigzag 2 
 

Valle del Cauca Aug 15-16 Continuous Coal Manual carbojet 128,000 - 

Tunnel 
 

Cundinamarca Aug 22-23 Continuous Coal Automatic carbojet 59,000 - 

Colemena 1
a
 

 
Norte de 
Santander 

Aug 9-11 Batch Coal Manual carbojet & 
shovel 

43,000
b
 108,000 

Colemena 2
a
 

 
Norte de 
Santander 

Aug 12 Batch Coal Shovel 26,000
b
 63,000 

Artisanal 
 

Cundinamarca Aug 1-2 Batch Coal Pre-loaded batch 12,000
1
 172,000 

a Also known as dome or beehive kilns. 
b For batch kilns, the average daily brick production is found by taking the entire batch load divided by number of firing days. 

Overview of brick kiln processes 

The main processes of brick production are clay preparation, drying, and firing. These processes as 

observed in Colombian kilns are summarized below. 

Clay preparation and brick formation 

Raw brick materials for each of the kilns were a mixture of different clay types, fine fragments recycled 

from previously fired bricks, and water. Each of the kilns used a different mixture for the different types 

of bricks.  Many different bricks were produced by the kilns.  Some images of the different types of 

bricks are shown in Figure 1. All bricks were formed by extrusion at the kiln sites.  
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Figure 1: Examples of fired ceramics produced at measured kilns. (a) A display of the bricks produced at Zigzag 2. (b) Different 

bricks produced at Colemena 1 (c) Bricks cooling in a Colmena kiln. 

Brick drying 

Bricks must be dried before firing in the kiln to remove excess moisture acquired during the brick 

forming process. All of the kilns dried some or all of the bricks naturally, by stacking them near or on the 

kiln to utilize some of the heat coming from the kiln.  The Hoffman, Zigzag and Tunnel kilns had brick 

drying chambers that were supplied with forced hot air from an air handling system that recovered 

waste heat from the kiln. Supplemental heat was supplied by an additional fire separate from the kiln.  

At some kilns, bricks were dried in the sun and protected from rain by clear plastic roofing.   A summary 

of the methods used for drying bricks is given in Table 2.  The emissions from the drying process were 

not measured. 

Table 2: Summary of drying characteristics at measured kilns.  

Kiln Brick dried naturally Bricks dried in chambers Fuel used for drying 

Hoffman N/A N/A Coal 

Zigzag 1 60% 40% Coal 

Zigzag 2 80% 20% Tires and wood 

Tunnel N/A N/A Coal 

Colmena 1 100% 0% None 

Colmena 2 100% 0% None 

Artisanal 100% 0% None 

(a) 

(b) 

(c) 
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Brick firing fuels and fueling processes 

All kilns in this study used bituminous coal mined in Colombia to fire bricks. The coal was a similar 

quality for all kilns, but was acquired from different locations in Colombia.  Coal was added in three 

different ways, depending on the kiln. At the Artisanal kiln, coal was stacked in with the bricks when the 

kiln was loaded before firing (Figure 2a). At Colmena kilns, the coal was shoveled into the kiln through 

windows (Figure 2c). At all other kilns, coal was injected into kiln with carbojets (Figure 2b).  Carbojets 

grind the coal into a coarse powder and inject it into the kiln with forced air. The main components 

include a fuel hopper, grinder, blower, and eight tube arms assembled in the shape of an industrialized 

octopus. The feeding methods at each kiln are listed in Table 1. 

 

Figure 2: Coal feeding methods. a) Coal is stacked in the bricks before firing.  b) Coal is injected with 

carbojets. c) Coal is shoveled into the kiln window. 

Firing in continuous kilns 

Four of the kilns were continuous kilns (Hoffman, Tunnel, Zigzag 1, and Zigzag 2). These kilns have a 

continuous and fairly steady production rate. In the Hoffman and Zigzag kilns, the bricks were stacked in 

the kiln while the fire moved through the stationary bricks. The bricks are stacked in rows, referred to as 

lines.   

Three major processes occur simultaneously at different locations at the kiln: 1) Unfired bricks are 

loaded into kiln 2) Bricks are fired and 3) Fired bricks are removed from the kiln. The amount of coal 

added and the firing time at each line of bricks was dictated by the temperature of the bricks, observed 

by the color of the bricks and using a thermocouple.  Figure 3 shows the process of loading and 

unloading bricks in the Hoffman and Zigzag kilns. In the Tunnel kiln, the firing zone was stationary. Carts 

of bricks were moved through the firing zone, which had automatic temperature controls. All of the 

continuous kilns had forced air on both sides of the firing process. Large blowers at the base of the stack 

pulled exhaust air from the kiln, and carbojets pushed intake air into the kiln. The following sections give 

details about the continuous kilns measured. 

(a) (b) (c) 
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Figure 3: Continuous kiln process for Hoffman and Zigzag kilns 

  

Hoffman kiln 

In the Hoffman kiln, the firing zone moved continuously around the kiln, as shown in Figure 4. Coal was 

fed by two carbojets in series (Figure 5). The front carbojet started the firing process by preheating 

cooler bricks, while the rear carbojet followed behind and finished the firing process. The rear carbojet 

consumed approximately twice as much coal as the front carbojet. The carbojets were powered off and 

moved forward one line of bricks about once per hour. Usually the carbojets were powered off one at a 

time, but occasionally they were both off at the same time if the temperature of the bricks became too 

high.  

Several different types of bricks were fired in the kiln. This kiln had a cross-flow ventilation system that 

transferred waste heat from recently fired bricks to a nearby brick dryer. A blower located at one end of 

the kiln drew exhaust air out of the kiln through the chimney.   

A door is opened 
to increase the 
flow of air and 

speed the 
cooling process 

Bricks are 
removed 

Unbaked bricks 
added to the kiln  

Door is sealed 
shut 

Bricks preheated 
by the flow of air 

Temperature 
increases as 

carbojets 
approach 

The first carbojet 
fires the bricks  

A second 
carbojet 

continuous to 
fire the bricks 

The bricks start 
cooling as the 

carbojet moves 
away 

The continuous brick 

kiln cycle 

(Hoffman and Zigzag kilns) 
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Figure 4:  Aerial diagram of the Hoffman kiln. The red line shows the fire path. 

 

Figure 5: Hoffman kiln carbojets in series.  The front carbojet (closest) heats the bricks first. The rear carbojet follows the front 

carbojet and finishes firing the bricks.  

Zigzag kilns 

Colombian Zigzag kilns are divided into long, straight chambers that run the length of the kiln. The firing 

zone travels straight along one chamber then doubles back through another chamber from end to end 

of the kiln (Figure 6). The exhaust gas from the firing chamber is drawn through a duct to the chimney, 

sometimes through a neighboring chamber to preheat unfired bricks. When the firing zone reaches the 

end of the kiln, it is moved to start again at the first chamber. A duct may be available to draw exhaust 

gases from the last chamber to preheat bricks in the first chamber. In the kilns measured, the chambers 

were approximately 30 – 50 meters in length.  
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Figure 6: Arial diagram of the Colombian Zigzag kiln. The red lines show the zigzag pattern of the fire path.  

The Zigzag kilns in Colombia are different than Zigzag kilns in South Asia, which  are divided into smaller 

chambers about 1-5 meters in length to force exhaust gas from side to side of the chamber. In the South 

Asian kilns, the air flow follows a zigzag pattern, while the firing is straight line, similar to the Hoffman 

kilns.  

Zigzag 1 

Coal was fed with one carbojet in this kiln. After firing a line of bricks, it was powered off and moved 

forward to the next line, about once every 30 – 45 minutes. Several shapes and sizes of hollow bricks 

were fired in the kiln. The kiln had six straight line chambers. Large doors at each end of the chamber 

allowed access to load and unload bricks. This kiln had a heat recovery system that drew hot air from 

recently fired bricks to a drying chamber. A blower and chimney were located near the kiln. Exhaust gas 

was drawn though a duct to the chimney. When the firing zone reached the last chamber, a duct was 

used to preheat bricks in the first chamber. 

l-------------------------------------30-50 m--------------------------------l 

Chamber 1 

Chamber 6 
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Figure 7: Photographs taken at Zigzag 1. a) Unfired bricks were stacked on top of the kiln for drying. b) Empty chamber ready to 

be loaded. c) Chimney and sampling platform. 

Zigzag 2 

This kiln was similar to in structure and operation to Zigzag 1.  Coal was fed by two, and sometimes 

three, carbojets in series along the firing zone. The carbojets at this kiln did not work as well as other 

kilns, characterized by an unsteady fuel feed rate, more coal dust leakage, and more frequent operator 

adjustments.  When the firing zone reached the end of the last chamber, the fire was restarted at the 

beginning of the first chamber using kerosene, wood, and coal.  A duct was not available to preheat 

bricks in the first chamber.  

 The chimney and blower were located near the kiln and received exhaust air through a duct. This kiln 

had a heat recovery system to draw hot air from recently fired bricks and deliver it to a nearby dryer.  

A small amount of oil was added to the bricks during the extrusion process.   

(a) 

(b) (c) 
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Figure 8: Photographs at Zigzag 2. a) Carbojets. b) Chimney and platform. 

Tunnel kiln     

In the  tunnel kiln,  bricks  were rolled through a stationary firing zone on steel carts (Figure 9). Roughly 

4000 kilograms of bricks were stacked on each cart. The carts were moved forward in stages. Every 100 

minutes, one cart entered while one exited the kiln. The kiln entrance had two doors (Door 1 & 2) in 

series that acted as an airlock. Only one door was open at a time to maintain a draft through the kiln.  

Door 1 was opened to allow the cart of bricks to enter the kiln.  The bricks remained there for 

approximately 100 minutes before door 2 was opened, and the cart entered the firing zone of the kiln. 

After firing, the cart exited the kiln through door 3.  

 A blower and chimney located near the front entrance of the kiln drew exhaust forward and out of the 

kiln. A variety of shapes and sizes of hollow bricks were fired in the kiln. 

Coal was fed by two stationary carbojets in series- one in front, and one in the rear of the firing zone 

(Figure 10b).  The rear carbojet was controlled by a thermocouple input that would power the carbojet 

on or off according to the temperature of the firing zone (approximately every 4 minutes).  The front 

carbojet ran continuously. 

(a) (b) 
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Figure 9: Arial diagram of the Tunnel kiln firing process. 

Intermittent power outages occurred during the measurement days at this kiln. During power outages 

the fire was maintained by handfeeding the kiln with shovels of coal.  

  

Figure 10: Photographs of Tunnel kiln process. a) Fired bricks exiting the kiln through door 3. b) Carbojets on top of the kiln, 

above the stationary firing zone. 

Firing in batch kilns 

Three of the kilns were batch kilns (Colmena 1, Colmena 2, and Artisanal).  In a batch kiln the bricks were 

loaded into the kiln, fired in one batch, then cooled and unloaded.  

Colmena kilns 

Colmena is Spanish for beehive. In Colmena kilns, stationary stacks of bricks are fired inside an enclosed 

dome structure, giving these kilns their other common name: Dome kilns. Fuel is fed continuously 

throughout the firing process though openings on the sides of the kiln, referred to as windows (Figure 

Kiln 

Entrance 
Kiln 

Exit 

(a) (b) 
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11 and Figure 13). The exhaust gases are drawn through the bottom of the kiln, through a duct and out a 

chimney using natural draft.  

 

Figure 11:  Side view of a Colmena kiln. The arrows indicate the air flow path through the kiln. 

In the Colmena kilns measured, there were eight windows around the perimeter of the kilns. The rate of 

fuel added was dictated by the temperature of the bricks.  The temperature was monitored by the color 

of the bricks and by thermocouples. Figure 12 shows the general temperature profile for a Colmena kiln 

(using operational data from Colmena 1). At the beginning of each batch, the coal was typically started 

with kerosene, wood, or burning coal from another kiln. 

 

Figure 12:  Temperature profile of a Colmena kiln. It shows the temperature log of thermocouples at two 

different locations in the kiln.  In this kiln, the firing peak was 1000 degrees on August 12th. 

Colmena 1 

This kiln was measured during a full three-day firing cycle.  There was a carbojet at each of the eight 

windows, but they were used primarily for coal feeding near the end of the firing. The fire was started 

with a mixture of wood, cardboard, kerosene, and coal chunks while the carbojets supplied forced air to 

the firing zone. During the first day, coal was added by shovel.  By the end of the second day, coal was 

added by both shovel and carbojet.  By the third day in the morning, only carbojets were used. Kiln 

operators used thermocouples to monitor the kiln temperature. The fuel rate was adjusted to maintain 

a desired time-temperature curve.  

Window 

Stack 
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The kiln was located in town next to a neighborhood. For this reason, the kiln was operated to minimize 

visible smoke during the day, but not during the night. Several types of tiles and hollow bricks were 

fired. 

 

Figure 13: Colmena 1 fuel inlet window with a stationary carbojet. Here, the window was open, showing burning coal inside.  

The windows were covered with sheet metal and opened only when the carbojets were used. 

Colmena 2 

Only the last day of a three day batch process was measured at Colmena 2 (Figure 14). Coal was added 

manually with shovels during the entire burning process.  At the very end of the burning cycle, a solution 

of water and boric acid was added to the kiln to glaze the bricks.  The chimney duct valve was closed for 

this process so the emissions were not measured. Several shapes and sizes of hollow bricks were fired. 

 

Figure 14: Photograph of Colmena 2 showing the dome structure and coal feeding windows. 

Artisanal kiln 

The Artisanal kiln is a traditional kiln used by small scale brick makers. In the Artisanal kiln, fuel and 

bricks were pre-loaded before firing into an impermanent structure. The kiln diagram is shown in Figure 

15. The walls were made of stacked fired bricks and a hillside provided a partial natural structure for the 

kiln (Figure 16). 

Carbojet 

Window 
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Figure 15: Air flow path through the artisanal kiln. A fan in the bottom doorway assists air draft from the bottom of the kiln up 

and out the top. 

This is a family owned traditional brick kiln.  The kiln is a cylinder shape with no chimney and no roof. 

The exhaust gases exit out the top of the kiln in a dispersed plume. When the kiln is loaded, bricks are 

stacked in layers, and coal is packed in gaps between the bricks.  No additional coal is added during the 

firing period, which lasts approximately 14 days.  A fan forces air into the kiln from a door in the bottom.  

The clay is mined on site right next to the kiln. When the bricks are extruded from raw clay, oil is used to 

lubricate the extruder die, which leaves a thin film of oil on the bricks. The bricks that are fired in this 

kiln are solid load bearing bricks that have a unique color. 

This kiln was sampled during days 12 and 13 of the batch firing process. The sample probe was moved 

around to six sample points (1 – 12 hours at each point) to measure spatial variability of emissions.   

Fan 
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Figure 16: Photograph of the Artisanal kiln. The intake fan is located in a recessed hole (not visible) at the bottom of the 

doorway. 

Methodology  

Process measurements 

Process measurements were conducted at each of the kilns to determine the fuel consumption rate, the 

brick production rate, and the specific energy consumption (megajoules per kilogram brick). The 

measurement procedure was adapted from the document “Specific Energy Consumption Protocol for 

Brick Kilns”.1 All process measurements were conducted during daytime.  Most bricks were very uniform 

in dimensions and mass. An average weight was taken for non-uniform bricks.  The mass of bricks was 

divided by the length of the burning cycle. Measured fuel consumption and brick production rates were 

compared with the kiln owner’s estimates. 

During the measurements, observations about the kiln operation were recorded, including fuel 

additions, movements of the firing zone, adjustments of duct valves for exhaust gas and waste heat 

recovery, opening and closing of kiln chambers and other kiln specific processes. 

Continuous kiln process measurements. 

For continuous kilns, the fuel consumption rate (kg/hr) was determined by counting the number of 

shovel scoops of coal that were added into the carbojet hoppers or kiln windows during a given time 
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period at a given location in the kiln. Several shovel scoops were weighed to determine their average 

weight.   

The brick production rate was determined by recording the movement of the firing zone over a given 

period of time. The kiln operators provided information about the type, number, and/or mass of bricks 

in the zone that was fired. The lines were numbered and brick types recorded to keep track of the bricks 

in the kiln. 

For the tunnel kiln, the number of bricks on each cart was counted and multiplied by the mass of each 

brick type. The rate of carts in and out of the kiln was provided by the kiln operator and also monitored 

and recorded.   

Batch kiln process measurements 

For the continuously fed batch kilns (Colmena 1 and 2) the fuel consumption rate (kg/hr) was 

determined by counting the number of shovel scoops of coal that were added into the carbojet hoppers 

or kiln windows during a given time period. Several shovel scoops were weighed to determine their 

average weight.   

The artisanal kiln was measured near the end of the firing process, so the loading of bricks and coal, and 

unloading of fired bricks, was not observed.  Therefore, the estimate of fuel consumption and total firing 

time relied solely on the kiln owner survey.  

The kiln owner’s estimate of number and types of bricks fired in a batch was used for the brick 

production rate. Colmena 1 and 2 had uniform brick sizes and weights.  Brick specifications provided by 

the kiln operators were used.  The artisanal kiln had non uniform bricks, so an average size and weight 

was taken. 

Coal samples were collected and analyzed for their energy content and composition. The fuel analysis 

results are presented in Table 4.  

Emission Measurements  
Emissions were sampled following the procedure described in “Brick Kiln Emission Sampling Procedure” 

(Thompson, Weyant, Bond, and Baum, 2016)2. The sampling method includes dilution of the sample 

with dry, clean dilution air for representative conditioning of condensable species. The dilution ratio 

during the measurements varied from 5:1 to 20:1 (dilution: sample).  

The Ratnoze2 portable dilution sampler was used for these measurements.3 This system includes a 

sensor box, dilution probe, PM2.5 cyclone, and all required accessories. The Ratnoze2 records real time 

measurements of CO, CO2, SO2, optical scattering, optical absorption, stack velocity and temperature, 

sample humidity, and system flows. It also has two parallel filter holders. Samples were collected on 

Teflon filters for gravimetric analysis, and on quartz filters for thermal-optical analysis of OC and EC with 

a Sunset Analyzer. All filters were analyzed at the University of Illinois Urbana-Champaign.  
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Figure 17: Ratnoze dilution sampler. 

All kilns with stacks were sampled with an isokinetic sample probe from a port hole in the stack wall. The 

Artisanal kiln was sampled with a multi-point array probe that was moved over various places on the kiln 

(Figure 18).  

 

Figure 18: Sampling locations at the Artisanal kiln. 

Measurement length 

The kilns were measured during daytime and nighttime, capturing many different kiln processes and 

patterns. The longest monitoring period at any kiln was three days. The maximum continuous 

measurement was 15 hours. Every 15 hours or less, sampling was interrupted to change filters and clean 

the sample probe, stopping sampling for about two hours. Emission patterns were observed on the 
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order of minutes, hours, and days. Seasonal variations in emissions were not measured, but are believed 

to be small since all kilns are fired throughout the year, and all kilns except the artisanal kiln had roofs to 

protect the kiln from rain and weather.   Table 3 shows the day and nighttime tests at each kiln. 

Table 3: Summary of day and night tests. 

Kiln  Day tests Night tests 

Hoffman 2 2 
Zigzag 1 3 2 
Zigzag 2 2 2 
Tunnel 2 1 
Colmena 1 3 3 
Colmena 2 1 1 
Artisanal 2 1 

 

Energy consumption metrics 

Specific Energy Consumption (SEC) is a measure of the kiln process efficiency. The SEC is high when 

there are high energy losses in a kiln. Different types of bricks require different firing temperatures and 

heat treatment cycles, so the SEC varies with brick type to some extent, but overall it is the most 

appropriate metric for comparing kiln energy efficiency.  The energy content of the fuels was fairly 

consistent across the seven kilns, which implies that differences in the SEC are driven by differences in 

brick normalized fuel feeding (kg fuel/kg brick).  

Emission metrics 

Emission metrics are described in detail in Brick Kiln Measurement Guidelines.4 Each metric provides a 

ratio between the amount of pollutant emitted and a characteristic of the process. Fuel-based emission 

factors for PM2.5, OC, EC, and SO2 (as grams pollutant per kilogram fuel or g/kg fuel) were calculated 

using the carbon balance method. Energy based emission factors (grams pollutant per megajoule or 

g/MJ) were calculated by combining fuel mass based emission factors and fuel lower heating value.  

Brick-based emission factors (grams pollutant per kilogram fired brick or g/kg brick) were calculated by 

combining energy based emission factors and specific energy consumption. Emission rates (grams 

pollutant per hour or g/hour) were calculated by multiplying energy-based emission factors by energy 

consumption rates. Brick based emission factors and emission rates were calculated using average 

values of fuel consumption rate and brick production rate for each kiln. Uncertainty was estimated for 

all measured inputs and propagated to the final output metrics.  

Instantaneous energy-based emission factors were calculated during one-minute averaging periods of 

the real-time data. Instantaneous emission factors can be used to demonstrate when emissions occur 

and to identify causes of high emissions. The optical scattering emission factor (meters squared per 

megajoule) is used as a proxy for real-time PM emissions. The optical absorption emission factor (meters 

squared per megajoule) is a proxy for real-time black carbon emissions. However, due to instrument 

limitations, the optical absorption data is intermittent. The instantaneous burn rate in megawatts is 

used to highlight kiln burn patterns. It is calculated from the average energy consumption rate 
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(measured during kiln energy measurements) normalized to the instantaneous carbon concentration.  

Since the volumetric flow rate through the stack is fairly constant, we assume that a change in the 

measured carbon concentration is caused by a change in burn rate, and the instantaneous burn rate can 

be determined from emission measurements.  

The modified combustion efficiency (MCE) is used as a proxy for combustion efficiency and is the ratio 

between CO2 molar concentration and the sum of CO2 and CO concentrations—approximately the 

fraction of carbon that is completely combusted. The single scattering albedo (SSA) is the ratio of light 

scattering to light extinction. An SSA of 1 indicates very light color particles and an SSA less than 0.4 

indicates dark particles. The OC/TC ratio characterizes the PM2.5 composition in a way that is analogous 

to SSA. The mass scattering cross-section (MSC) is the ratio between optical scattering and particle 

mass. The mass absorption cross-section (MAC) is the ratio between optical absorption and EC mass.   

Proicsa is a Colombian scientific laboratory that does stack sampling. During the first sample at Zigzag 1, 

a simultaneous TSP (total suspended particulate) measurement was taken following EPA Method 5. TSP 

includes all particle sizes, and is expected to be higher than PM2.5. As part of Method 5, Proicsa also 

measured the stack volumetric flow rate to determine the TSP emission rate.  

Results 

Process measurement results 

Fuel analysis 

Coal samples from each of the brick kilns were analyzed by the Cotecna laboratory in Bogota, Colombia.  

Table 4 shows a summary of the fuel analysis.  

Table 4: Summary of fuel analysis. All values are percent as received. The last column is lower heating 

value. 

  H20 
Volatile 
Matter 

Fixed 
Carbon 

Ash C H N O S 
LHV 

(MJ/kg) 

Hoffman 2.3 30.6 56.6 10.5 67.0 4.6 1.5 13.9 0.5 30.3 

Zigzag 1 2.0 31.2 57.1 9.8 68.8 4.7 1.6 12.8 0.6 30.7 

Zigzag 2 3.8 32.3 44.6 19.3 50.7 3.6 1.1 21.5 0.7 24.7 

Tunnel 1.8 34.5 55.2 8.5 68.6 4.8 1.6 14.5 0.4 29.8 

Colmena 1 6.1 36.8 49.7 7.5 65.3 5.0 1.4 14.9 0.4 28.2 

Colmena 2 4.3 38.3 51.5 5.9 68.8 5.2 1.5 14.1 0.4 29.4 

Artisanal 1.8 32.7 56.9 8.7 69.9 5.0 1.6 12.4 0.8 31.0 

Energy measurement results 

The energy measurement results are presented in Table 5. The energy efficiency can vary significantly 

between kilns. For example, Colmena 1 SEC was 6.5 times higher than the Hoffman kiln. The two kilns 

used similar quality coal, so a brick made in the Colmena kiln is likely to cost 6.5 times more for fuel 
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compared to a brick made in the Hoffman kiln. For both Colmena kilns, the SEC was higher than 

continuous kilns (about 4.3 times higher).  

All four continuous kilns were designed to conserve energy. For example, these kilns have thick brick 

walls and ceiling that insulate the firing chamber, and they recycle waste heat by preheating cool bricks 

with hot exhaust gas. The SEC was low for the Hoffman and Zigzag kilns, while the Tunnel kiln SEC was 

over twice as high. The bricks are not as tightly packed in the Tunnel kiln compared to any other kiln.  

Convective heat losses out the doors could be relatively high in this kiln.  

The SEC for continuous kilns in Colombia (0.8 – 2) is in range with SEC for continuous kilns measured in 

Asia (0.7 – 1.8) .6, 7, 8 The SEC of the Hoffman and Zigzag kilns in Colombia (0.78 – 0.87) is in same range 

as the SEC reported for vertical shaft brick kilns (0.54-0.94), and lower than SEC reported for South Asian 

Zigzag kilns (1.0-1.2) and Bull Trench kilns (1.1 – 1.75) .6, 7, 8 

The Artisanal kiln SEC (2.3 MJ/kg brick) is in the same range as SEC reported for clamp kilns in India (1.9 

and 1.3). 8 The Artisanal kiln has similar design and burn process to Indian clamp kilns (bricks stacked 

with intermixed coal).  The Artisanal kiln had no protection from wind, rain, or radiative heat losses. It 

also had poor combustion efficiency - approximately 8% of the fuel energy was lost as CO. 

Table 5: Energy measurement results. SEC is specific energy consumption. The bottom two rows show 

combined averages for the four continuous kilns and three batch kilns. σ is the measurement 

uncertainty estimate as a 68% confidence interval. 

Kiln Energy Rate  
(MJ/hr) 

Brick Production 
Rate (kg/hr) 

SEC  
(MJ/kg_brick) 

  Avg σ Avg σ Avg σ 

Hoffman 6010 520 7700 540 0.78 0.09 

Zigzag 1 4340 350 5000 820 0.87 0.16 

Zigzag 2 4490 520 5350 320 0.84 0.11 

Tunnel 5030 600 2470 390 2.04 0.40 

Colmena 1 9400 1150 1800a 130 5.21 0.74 

Colmena 2 5110 600 1090a 70 4.68 0.62 

Artisanal 1180 110 510a 50 2.31 0.29 

Continuous 4970 250 5130 280 1.13 0.17 

Batch 5230 430 3410 720 4.07 0.33 
 a The batch kiln production rate was calculated using the firing period  and the total number of bricks. It does not represent a continuous 

production rate. 

Emission measurement results 

Emissions of PM2.5, OC, EC, CO, and SO2 for each kiln are presented in Table 6 as emission factors per 

kilogram fuel (fuel-based), Table 7 as emission factors per megajoule (energy-based), Table 8 as 

emission factors per kilogram fired brick (brick-based), and Table 9 as emission rates. While the tables 

show kiln averages, plots in the Appendix (Figure A1) show the variability of individual measurements.  



 

19 
 

Emission factors 

Batch kilns had higher particle (PM2.5, EC, OC) emissions compared to continuous kilns for fuel-, energy- 

and brick-based emission factors (p<0.02 for all).  The differences are present in the fuel-based emission 

factors, indicating poorer combustion. They are greatest for the brick-based emission factors, which also 

incorporate the effect of greater energy consumption; batch kiln PM2.5 and EC emission factors were 

over 20 times higher and OC was about 50 times higher than continuous kilns.  

The Artisanal kiln exhibited emission characteristics, and likely combustion characteristics, that were 

unlike the other kilns. Emission factors were substantially higher for PM2.5, OC, and CO while the EC 

emissions were lower than all other kilns. This trend is characteristic of smoldering combustion. 

The Artisanal kiln had the lowest average MCE of 0.73 while all other kilns had MCE above 0.95. The 

composition and optical properties of the Artisanal PM2.5 emissions were also different than those of 

other kilns. The artisanal kiln PM2.5 emissions were nearly pure OC (OC/TC ratio of 0.99) and highly light 

scattering (SSA of 0.97). The PM2.5 emissions of the other kilns had much lower OC fraction (OC/TC 

ranging from 0.15-0.34) and were dark in color (SSA ranging from 0.25 - 0.39). Average PM2.5 and OC 

emission factors for batch kilns were heavily influenced by the inclusion of these emission 

characteristics. 

The Colmena batch kilns had lower emissions than the Artisanal kiln, but still produced higher brick-

based particulate emission factors than the average continuous kiln: PM2.5 was 13 times higher (p<0.01), 

OC was 12 times higher (p <0.02), and EC was 25 times higher (p<0.01).  Unlike particulate emissions, 

average CO emission factors from the Colmena batch kiln tests were lower than those of the continuous 

kilns on a fuel basis (54% lower, p<0.01) and energy basis (53% lower, p<0.01). However, CO was higher 

on a brick basis (1.5 times higher, p = 0.06). Kilns with more efficient combustion can still emit 

comparatively more pollutants per brick if the fuel required to produce bricks is high enough. 

Differences between emissions measured at the two Colmena kilns may be due to sampling bias. The 

lower particle and CO emission factors observed in Colmena 2 could be because measurements at this 

kiln were only conducted on the last night of the batch process, when the kiln was hottest and emission 

factors were lowest. This period had the lowest emission factors of all pollutants in the Colmena 1 kiln, 

which had full cycle measurements. The highest PM and CO emissions for Colmena 1 occurred during 

the start and end of the batch process, and neither of those periods was measured for Colmena 2. Given 

the process characteristics observed in the three days of sampling at Colmena 1, we interpret results 

from Colmena 2 as representing a lower bound of emission factors from this kiln.  

Emissions from the Hoffman kiln were in the same range as the zigzag kilns. Zigzag 1 had the lowest fuel, 

energy, and brick based emission factors of PM2.5 and OC.  In the tunnel kiln, the combustion quality was 

similar to other continuous kilns, as indicated by the fuel-based emission factors. However, this kiln had 

higher brick based emission factors than other continuous kilns due to a higher SEC.   

Emission factors of SO2 should be interpreted with caution. Our measured SO2 emission factors are 

compared to theoretical SO2 emission factors calculated from fuel sulfur content in Table 6. Differences 

in measured vs. theoretical values could be from cross-sensitivities of the SO2 sensor, uncertainty in the 
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fuel sulfur content measurement, sulfur from the bricks, and emission of non-SO2 sulfur products. 

Measured SO2 emissions have a stronger correlation with CO (R2=0.93) than fuel sulfur (R2=0.61).  The 

SO2 sensor (Alphasense SO2-BE) has known cross-sensitivities to CO, NOx, and H2S, all of which we 

expect to be present in coal emissions. In the combustion reaction, nearly all fuel sulfur is converted to 

SO2,
5 so we would expect SO2 emissions to be proportional to the burn rate, like CO2.   However, the 

time series data shows the SO2 signal was often inversely proportional to the burn rate.  The SO2 signal 

usually mimicked CO signal, sometimes the PM signal, and sometimes neither. The SO2 signal patterns 

could also be explained by other factors, such as wet scrubbing of SO2 by unfired bricks which releases 

when the bricks are heated.  

Table 6: Fuel based SO2 emission factors. Measured values are compared to theoretical values which are 

calculated from the fuel sulfur content and assuming 100% conversion to SO2. The ratio is the measured 

over the theoretical value. 

 

SO2 Emission Factor 
(g/kg_fuel) 

Ratio 

 
Measured Theoretical 

 Hoffman 23.8 9.7 2.5 

Zigzag 1 8.8 11.2 0.8 

Zigzag 2 16.0 14.4 1.1 

Tunnel 16.4 7.7 2.1 

Colmena 1 10.4 8.0 1.3 

Colmena 2 8.2 8.1 1.0 

Artisanal 61.6 16.6 3.7 

 

Table 7:  Average fuel-based emission factors by kiln. The bottom two rows show combined averages for 

the four continuous kilns and three batch kilns. σ is the measurement uncertainty estimate as a 68% 

confidence interval. 

Kiln PM2.5 OC EC CO SO2 

  Avg σ Avg σ Avg σ Avg σ Avg σ 

Hoffman 1.33 0.22 0.21 0.04 0.45 0.06 64.1 9.0 23.8 3.6 

Zigzag 1 0.71 0.14 0.14 0.03 0.32 0.04 34.8 7.4 16.0 3.4 

Zigzag 2 1.40 0.18 0.13 0.02 0.48 0.07 39.5 6.5 16.4 2.8 

Tunnel 1.28 0.15 0.25 0.04 0.45 0.06 67.9 6.8 8.8 1.3 

Colmena 1 3.03 0.45 0.41 0.09 2.13 0.30 26.2 6.1 10.4 2.7 

Colmena 2 1.88 0.29 0.32 0.06 1.10 0.17 5.2 1.7 8.2 1.2 

Artisanal 24.38 1.72 15.85 1.19 0.13 0.02 438.0 19.7 61.6 3.3 

Continuous 1.18 0.09 0.18 0.02 0.42 0.03 51.6 3.7 16.3 1.5 

Batch 9.76 0.60 5.52 0.40 1.12 0.12 156.5 6.9 26.7 1.5 
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Table 8:  Average energy-based emission factors by kiln. The bottom two rows show combined averages 

for the four continuous kilns and three batch kilns. σ is the measurement uncertainty estimate as a 68% 

confidence interval. 

Kiln PM2.5 OC EC CO SO2 

  Avg σ Avg σ Avg σ Avg σ Avg σ 

Hoffman 0.044 0.008 0.007 0.002 0.015 0.002 2.12 0.32 0.79 0.13 

Zigzag 1 0.023 0.005 0.005 0.001 0.010 0.001 1.13 0.25 0.52 0.11 

Zigzag 2 0.056 0.008 0.005 0.001 0.019 0.003 1.60 0.27 0.67 0.12 

Tunnel 0.043 0.006 0.008 0.001 0.015 0.002 2.28 0.25 0.30 0.05 

Colmena 1 0.107 0.017 0.015 0.003 0.076 0.011 0.93 0.22 0.37 0.10 

Colmena 2 0.064 0.010 0.011 0.002 0.037 0.006 0.18 0.06 0.28 0.04 

Artisanal 0.784 0.059 0.510 0.041 0.004 0.001 14.09 0.73 1.98 0.12 

Continuous 0.042 0.003 0.006 0.001 0.015 0.001 1.78 0.14 0.57 0.05 

Batch 0.318 0.021 0.178 0.014 0.039 0.004 5.06 0.25 0.88 0.05 

 

Table 9:  Average brick-based emission factors by kiln. The bottom two rows show combined averages 

for the four continuous kilns and three batch kilns. σ is the measurement uncertainty estimate as a 68% 

confidence interval. 

Kiln PM2.5 OC EC CO SO2 

  Avg σ Avg σ Avg σ Avg σ Avg σ 

Hoffman 0.034 0.009 0.005 0.002 0.012 0.003 1.65 0.39 0.61 0.15 

Zigzag 1 0.020 0.007 0.004 0.001 0.009 0.003 0.98 0.32 0.45 0.15 

Zigzag 2 0.047 0.011 0.004 0.001 0.016 0.004 1.34 0.34 0.56 0.14 

Tunnel 0.087 0.012 0.017 0.003 0.031 0.004 4.64 0.56 0.60 0.10 

Colmena 1 0.560 0.089 0.076 0.016 0.394 0.059 4.84 1.15 1.93 0.51 

Colmena 2 0.299 0.048 0.051 0.010 0.174 0.028 0.83 0.28 1.31 0.20 

Artisanal 1.810 0.144 1.176 0.099 0.010 0.002 32.52 1.85 4.57 0.29 

Continuous 0.047 0.005 0.008 0.001 0.017 0.002 2.16 0.21 0.56 0.07 

Batch 0.890 0.059 0.434 0.034 0.193 0.022 12.73 0.73 2.60 0.21 
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Table 10:  Average emission rates by kiln. The bottom two rows show combined averages for the four 

continuous kilns and three batch kilns. σ is the measurement uncertainty estimate as a 68% confidence 

interval. 

Kiln PM2.5 OC EC CO SO2 

  Avg σ Avg σ Avg σ Avg σ Avg σ 

Hoffman 264 51 41 10 89 15 12700 2200 4730 864 

Zigzag 1 101 22 20 5 45 7 4910 1150 2260 526 

Zigzag 2 254 46 23 5 87 17 7190 1490 2990 635 

Tunnel 216 38 42 8 76 14 11500 1870 1490 293 

Colmena 1 1010 203 136 34 711 138 8730 2350 3480 1030 

Colmena 2 326 65 55 13 191 38 910 325 1430 279 

Artisanal 926 115 602 76 5 1 16600 1760 2340 256 

Continuous 209 20 31 4 74 7 9070 862 2870 307 

Batch 754 81 265 28 302 48 8760 985 2420 366 

 

Table 11: Average MCE and particle properties by kiln. The bottom two rows show combined averages 

for the four continuous kilns and three batch kilns. σ is the measurement uncertainty estimate as a 68% 

confidence interval. 

Kiln MCE (-) OC/TC (-) SSA (-)  MSC (m2/g) MAC (m2/g) 

  Avg σ Avg σ Avg σ Avg σ Avg σ 

Hoffman 0.959 0.005 0.29 0.08 0.25 0.07 1.08 0.27 8.74 2.32 

Zigzag 1 0.978 0.004 0.28 0.08 0.27 0.07 2.17 0.77 9.89 2.38 

Zigzag 2 0.967 0.005 0.21 0.05 0.28 0.06 1.58 0.36 11.19 2.87 

Tunnel 0.958 0.004 0.34 0.06 0.26 0.07 3.50 0.91 8.69 1.93 

Colmena 1 0.983 0.004 0.15 0.21 0.39 0.05 1.89 0.47 11.49 4.54 

Colmena 2 0.997 0.001 0.22 0.05 - - 2.06 0.50 - - 

Artisanal 0.725 0.009 0.99 0.08 0.97 0.01 2.90 0.33 10.53 2.27 

Continuous 0.965 0.002 0.28 0.03 0.26 0.03 2.08 0.32 9.63 1.20 

Batch 0.901 0.003 0.45 0.08 0.68 0.02 2.28 0.25 11.01 1.69 

 

Comparison with TSP 

During the first sample at Zigzag 1, Proicsa conducted an EPA method 5 measurement of Total 

Suspended Particles (TSP). The measured concentration was 85 milligrams TSP per cubic meter, and the 

emission rate was 1.33 kilograms per hour. We measured a PM2.5 concentration of 20 milligrams per 

cubic meter (1.93 ± 0.7 milligrams per cubic meter at a dilution ratio of 9.6 ± 1.0) and a PM2.5 emission 

rate of 0.248 ± 95 kg/hr. The ratios of PM2.5 to TSP for concentrations and emission rates are similar 

(0.24 and 0.19). The fact that emission rates have the same proportions of PM2.5 and TSP as the 

concentrations is a quality control check, since Proicsa calculated the emission rate from concentration 

and flow measurements, and we calculated the emission rate from the emission factor and fuel 

consumption rate.   
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Table 6: Total suspended particle measurements at Zigzag 1. 

 
Diluted 

Concentration 
Dilution 

Ratio 
Stack 

Concentration 
Emission 

Rate 

 
(mg/m3) - (mg/m3) (kg/hr) 

PM2.5 1.93 9.6 20 0.248 

TSP 
  

85 1.33 

PM2.5/TSP 
  

0.24 0.19 

 

Real-time kiln emissions 

The combination of observational notes and real-time data can provide insight regarding when and why 

emissions occur. The emission patterns give indications of kiln process activity, allowing inferences 

about times when observations were not recorded.  The real-time data gives information about causes 

of high or low emission factors, and shows variability during the burning sequence. 

Each kiln had a unique emission pattern, yet some emission trends were consistent for all kilns. Products 

of incomplete combustion (PM, EC, and CO) were higher when the temperature of the bricks was cooler. 

Emissions were also higher when fuel was added at an unsteady rate.  When carbojets ran continuously, 

emissions were low and steady. When carbojets stopped and started, emissions fluctuated (Figure 19a). 

When coal was added by shovel to Colmena Kilns (Figure 19b and 19c), PM emissions peaked after fuel 

additions, while CO emissions could either increase (Figure 19c) or decreased (Figure 19b). 
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Figure 19: (a) Hoffman kiln: The burn rate (red trace) dropped when carbojets were powered off, which happened twice per 

hour (every time a carbojet moved). When the front carbojet moved to cooler bricks, CO and PM emissions increased abruptly, 

and then slowly faded as the bricks heated until the carbojet was moved forward again and the pattern repeated. CO emissions 

doubled when the rear carbojet was powered off and reduced by half when it was powered on. (b) When coal scoops were 

added to Colmena 1, the burn rate and PM increased. CO was inversely proportional to the burn rate. (c) When coal scoops 

were added to Colmena 2, the burn rate increased, and CO and PM spiked.  

(a) 

(b) 

(c) 
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Conclusion  
Emissions and SEC were measured in seven common Colombian kilns. These measurements provide 

emission factors that can be used to compare kiln technologies and estimate total emissions from the 

sector. Elemental and organic carbon measurements are provided, which are rarely reported for brick 

kilns.   

There was a large range of SEC observed in Colombian kilns (0.73 MJ/kg brick for the Hoffman to 5.2 

MJ/kg brick for the Colmena 1). Colmena kilns were the least energy efficient kilns; they required about 

four times more energy to produce a kilogram of brick compared to continuous kilns. 

The average batch kiln emitted 20 times more PM2.5 and EC compared to continuous kilns on a brick 

mass basis. Colmena batch kilns emitted 13 times more PM2.5 and 25 times more EC compared to 

continuous kilns. Emission factors in the Artisanal kiln were substantially higher for PM2.5, OC, and CO 

while the EC emissions were lower than all other kilns. 

Zigzag and Hoffman kilns had relatively high quality combustion combined with high energy efficiency, 

which resulted in low pollutant emissions on a brick basis for both particles and CO. 
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Appendix I: Emission factor plots 

 

 

 

Figure A1. Gray dots show individual measurements at each kiln and red dots show the weighted 

average. (a) PM energy based emission factors (b) PM brick based emission factors, (c) PM emission 

rates, and (d) MCE for each kiln.  


