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Motivation for this document

These guidelines have been prepared by Climate Accounting, Measurement and Analysis (CLIAMA) for
the Climate and Clean Air Coalition (CCAC) Brick Initiative. Their premise is that any CCAC initiative
requires reliable tools and instruments to be able to first understand the emissions from the sector, then
determine the effectiveness of interventions aimed at reducing emissions. The brick industry has both
common characteristics of other sources of aerosol pollutants, particularly black carbon, as well as distinct
characteristics, which require a unique approach. It is the purpose of this document to cover both the
common and the unique, so that the initiative is able to select metrics that best measure the effectiveness of
its interventions. The beauty of this work will also be its ability to be used, at least in part, by other CCAC
initiatives that are grappling with the same issues of measurement and evaluation.
A protocol document, paired with these guidelines, offers a method for emissions and energy
measurements, Brick Kiln Emissions Sampling Protocol: Dilution sampling for climate-relevant particle
emissions [33].

2

Brick kiln background

The fired clay brick is one of the most common building materials used globally. Approximately 1.5
trillion clay bricks are produced annually, 87% of which are made in Asia. Most of the world’s bricks are
fired in small-scale kilns that burn coal or biomass without pollution controls.
Emissions of particulate matter and gaseous pollutants affect the respiratory health of on-site workers
[18], [50] and can degrade local air quality [13], [17]. Brick kilns clustered on the outskirts of population
centers pollute the air in cities such as Dhaka, [3] New Delhi, [14] and Kathmandu [34]. In the Kathmandu
valley, for example, brick kilns have been estimated to be responsible for about 28% of the PM 10
concentration [34]. On a national scale, brick kilns are estimated to produce 7% of black carbon (BC)
emissions in India [28] and similarly in China [45]. UNEP [35] and the U.S. EPA [36] recommend
modernizing brick kilns as a promising measure to reduce short-lived climate forcers, such as BC, and to
slow near-term climate change.
Few measurements of black carbon (BC) from brick kilns have been conducted. Published results
include Weyant et. al (2014) and Rajarathnam et. al (2014) measurements in India and Vietnam [47, 27]
and Stockwell et. al (2016) measurements in Nepal [32]. In this document, the lessons learned from these
studies are used to provide guidance to researchers for further measurements.
Brick kilns represent a wide array of technologies that produce bricks from natural clays. The
following sections highlight the major processes in brick formation and categories of kilns. The variability
of technologies is one of the challenges in measuring and comparing performance between technologies.

2.1

Brick firing process

The brick making process includes clay preparation, molding, drying, and firing. Figure 1 shows the
process flow required for brick making.

Figure 1: Major steps in the brick making process: Clay preparation, molding and drying,
and brick firing.
2.1.1 Clay preparation
Clay is removed from the soil, moved to the kiln site, and mixed with water and other additives. The clay
may require crushing, sieving, or other conditioning to prepare the clay for moulding. The processes in this
stage will depend on the quality of the clay and the availability of mechanized equipment. Some processes
can produce substantial amounts of airborne dust.

2.1.2 Moulding and drying
The raw clay must be shaped into the form of a brick. Moulding can be done by hand or by using a
mechanical extruder. After the brick has been moulded, it must be dried. Open drying and mechanical
drying are possible.

2.1.3 Brick firing
The firing process is the stage where most emissions are produced and is the last operation in brick making
process. Green (pre-fired) bricks are heated in the kilns to convert a fairly loosely compacted blend of
different minerals into a strong, hard, and stable product. Variation in the firing process determines the
properties of the fired brick, such as strength, porosity, hardness, and stability against moisture. Depending
on the characteristics of the clay and the quality of fired brick required, bricks are fired in a temperature
range of 800–1100 ∘C.

Figure 2: Steps in the brick firing process
The overall firing process can be categorized in three steps; heating, soaking and cooling. The
important physical and chemical changes occurring in the brick during firing are briefly explained in the
subsequent sections. It is important to understand these changes, as they form the basis for proper
operation of a brick kiln.

2.1.3.1 Heating
Clay heating removes moisture and carbonaceous material, and causes chemical and color changes in the
final product. A detailed description of the various processes during clay heating process is explained
below. The chemical and physical changes occurring at different temperatures during the clay heating
process are represented in Figure 3 and are explained below.

Figure 3: Changes occurring in brick during heating of green bricks
1. Removal of mechanical moisture
Moisture in the clay is removed in two drying processes; external drying – often open drying, and drying
that occurs in the initial stages of heating in the kiln. Water present in the clay is both from the
environment and is added during the hand-molding or extrusion process (about 25-30% of the water). Most
of the moisture is removed during drying before entering the kiln, but about 3-10% of the water still
remains when the bricks are loaded in the kiln (the moisture varies due to different climatic conditions).
Almost all the mechanically held water is evaporated in the first stage of heating, when the temperature of
the bricks reaches around 150 ∘C. The clay is not yet chemically changed at this stage.

2. Combustion of carbonaceous materials
The clay contains carbonaceous organic matter (plant material such as roots, leaves etc.). The amount of
organic matter present in clay varies from place to place. At some places, agricultural residues (wheat
straw and rice husk etc.) are added to clay as internal fuel. As green bricks are heated up in the kiln and
oxygen (in combustion air) diffuses inside bricks, combustion of the organic matter is initiated at about
400 ∘C. The process is completed when the temperature reaches 700 ∘C.

3. Decomposition of clay molecules and release of combined water
(Dehydroxylation)
Clay material consists of several chemical compounds which have water molecules or hydroxyl groups
chemically combined with them. Kaoline is one such compound which is the major component in clay (the

chemical formula of Kaoline is Al2O3.2SiO2.2H2O). When clay is heated, it starts decomposing, resulting
in the release of combined water.

4. Quartz inversion
Silica, a common constituent of brick making soils, has a crystal structure in the form of α-quartz. At
573∘C, its crystal structure changes into β-quartz and this transformation is accompanied by an expansion
of volume by around 2%. During cooling, β-quartz changes back to α-quartz again at 573 ∘C. The heating
and cooling rates near the quartz inversion temperature have to be controlled to obtain near-uniform
temperature throughout the brick to avoid excessive stresses, which can cause cracks.

5. Carbonate and sulphide decomposition
Carbonates and sulphides present in the clay decompose at 600–800 ∘C releasing CO2 and SO2.

6. Vitrification
Vitrification entails partial melting of clay particles at points of contact, to form a glassy bond, which binds
the whole mass together and gives it strength (Figure 4). The extent to which a mass of clay is melted
during firing depends on (i) the temperature of the clay mass, and (ii) the duration of the heat treatment.
Vitrification of clay commences at approximately 900 ∘C. However, the vitrification temperature depends
upon the type and proportion of minerals constituting the clay. Of particular importance are fluxing oxides.
such as ferrous oxide, lime, magnesia and potash. Fluxing oxides are those which bring down the
temperature of vitrification. This explains the wide variation observed in firing temperatures, which can
range between 800â€“-1100 ∘C at different locations.

Figure 4: Vitrification process of clay
As temperature increases, more melting of clay mass occurs. In practice, the heating must be restricted
lest so much liquid forms that the whole brick starts to become distorted under the weight of the higher
layers of bricks. In extreme cases, the bricks may get fused together in the kiln.

2.1.3.2 Soaking
After the heating process, the bricks are maintained at the finishing temperature for a few hours in order to
attain uniform vitrification throughout the brick. This process is known as soaking.

2.1.3.3 Cooling
During cooling, the liquid solidifies to glass, bonding the whole mass together. The cooling rate should be
slow to avoid excessive thermal stresses in the bricks, particularly once the quartz inversion temperature
(573 ∘C) is reached, since shrinkage occurs at this point.

2.2

Quality of fired bricks

The quality of the fired bricks is a function of several parameters. Important among them are:
• Quality and characteristics of the green bricks
•

Characteristics of the firing process, e.g., the heating and cooling rate, the maximum temperature
reached and the duration of the soaking period.

Many countries have standards that define the quality of clay fired bricks. Usually the standards classify
bricks on the basis of three properties: compressive strength, water absorption, and efflorescence. In the
same kiln or the same batch of fired bricks, the quality of fired bricks may vary due to differences in the
temperature profiles and the duration of the soaking period. A good brick firing kiln should have as
uniform temperature as possible throughout its cross-section so that the quality of fired bricks are uniform
and the percentage of good quality bricks is high.

2.3

Brick kiln technologies

A large variety of kilns are used for firing bricks. These can be classified in several ways, based on,the
production process (intermittent and continuous kilns); on the direction of air flow (up-draft, down-draft
and cross-draft kilns); or on the method of production of draft (natural draft and induced/forced draft
kilns).

2.3.1 Classification based on nature of production process
Depending upon the nature of production process, brick kilns can be classified as intermittent kilns and
continuous kilns. The classification is represented in Figure 5 below:

Figure 5: Classification of brick kilns based on production process
2.3.1.1 Intermittent kilns
In intermittent kilns, bricks are fired and cooled in batches. The kiln must be emptied and refilled; a new
fire has to be started for each batch of bricks. Most of the heat contained in the hot flue gases, fired bricks,
and the kiln structure is thus lost. Intermittent kilns are widely used in several countries of Asia, Africa and
South and Latin America. Intermittent kilns can be further subdivided into the following two categories:

Intermittent kilns without stacks
These are kilns which do not have any stack/chimney to guide the flue gases. In these kilns the flue gas
exits the kiln from the sides and/or the top surface. Clamp, scove, and scotch kilns are examples of
intermittent kilns without a stack.

Figure 6: Intermittent kilns without stacks. (a) Clamp kiln (b) Scotch kiln

Intermittent kilns with stacks
As the name suggests, these kilns have a stack/chimney to create draft that draws air through the
combustion zone and releases the flue gases at a higher point in the atmosphere. Down-draft and climbing
kilns are examples of intermittent kilns with stacks.

Figure 7: Intermittent kilns with stacks. (a) Climbing kiln (b) Down-draft kiln
2.3.1.2 Continuous kilns
In a continuous kiln, the fire is always burning and bricks are being warmed, fired, and cooled
simultaneously in different parts of the kiln. Fired bricks are continuously removed and green bricks are
continuously added. Consequently, the rate of output is approximately constant. Heat in the flue gas is used
to heat and dry green bricks, and the heat in the fired bricks is used to preheat air for combustion. Due to
the incorporation of heat recovery features, continuous kilns are more energy efficient than intermittent
kilns. Continuous kilns can be further subdivided into two categories: moving fire kilns and moving ware
kilns.

Moving fire kilns
In a moving fire kiln, the fire progressively moves round a closed kiln circuit while the bricks remain
stationary (Figure 8). The kiln circuit can have an oval, rectangular, or circular shape. Figure 11 represents
a part of the moving fire kiln showing the typical air flow path through the bricks stacked in the kiln. The
fire travel takes place in the direction of airflow. Ambient air enters from the left and cools down the fired
bricks in the kiln. After combustion, the hot flue gases pass through the green bricks stacked ahead of the
combustion zone, preheating the green bricks (and cooling the flue gases). A chimney stack and/or a fan
provide the necessary draft for airflow. Hoffman kilns, Fixed Chimney Bullâ€™s Trench kilns, and zigzag
kilns are the examples of moving fire kilns.

Figure 8: Moving fire kiln circuit.

Figure 9: Section of a moving fire kiln circuit showing fire travel.
Moving ware kilns
In a moving ware kiln, the firing zone remains stationary, while the bricks and air move in counter-current
paths. In a Tunnel Kiln, a horizontal moving ware kiln, green bricks are passed on cars through a long
horizontal tunnel (see Figure 10). The firing zone is located at the central part of its length. Cold air is
drawn from the car exit end of the kiln and it cools the fired bricks. The combustion gases travel towards
the car entrance losing a part of their heat to the entering green bricks. The cars can be pushed either
continuously or intermittently at fixed time intervals.

Figure 10: Tunnel kiln (moving ware kiln)
A vertical shaft brick kiln (VSBK) is another example of a moving ware kiln. In this kiln the bricks are
stacked vertically and move downward during operation. Air is drawn upward through the stack by natural
convection (see Figure 11).

Figure 11: Vertical shaft brick kiln (moving ware kiln)

2.4

Classification based on air flow

Brick kilns can be classified based on the direction of air flow with respect to the brick setting. There are
three classifications; up draft kilns, down draft kilns and cross draft kilns. The classification is represented
in the figure below:

Figure 12: Classification of brick kilns based on air flow
2.4.0.3 Up-draft kilns
In an up-draft kiln, air enters the kiln from below, gets heated from the fire and moves upward through the
brick setting transferring the heat to the bricks. The upward movement of heated air is a natural
phenomenon and it does not require a stack or fan to cause the air flow. Clamps and vertical shaft brick
kilns (VSBK) are examples of up-draft kilns.

2.4.0.4 Down-draft kilns
In a down-draft kiln, air is first heated up with the fire. The hot air is then made to enter the kiln from the
top and is brought down through the brick setting with the help of the draft created by a stack. In this type
of kiln, bricks are not usually in direct contact with fire. A down-draft kiln, as the name suggest, is an
example of this category of kilns.

2.4.0.5 Cross-draft kilns
In a cross-draft kiln, air flows horizontally through the brick stacking. The air movement is caused by
either the draft created by the chimney (natural draft) or the draft provided by a fan (forced draft). These
are also called horizontal draft kilns. Hoffman kilns, fixed chimney Bullâ€™s trench kiln and tunnel kilns
are example of cross-draft kilns.

2.5

Kiln fuels

The types of fuels and fuel mixtures in kilns vary widely. Coal is a common fuel, but wood, agricultural
waste, industrial waste, oil, and gas have been observed in brick kilns. Many kilns also use a mixture of
fuels. In some cases, fuels are added separately and in others they are pre-mixed. In addition, fuel may be
added to the clay in the clay preparation process. The fuel mixed in the clay is often low calorific fuel such
as ash.

3

Emitted species of interest

Table 1 shows major chemical species emitted during the firing process of brick production that impact
health, climate, and the environment. Some of these species also serve as indicators of process quality or
provide information for atmospheric modeling.

Emitted species can have impacts in the form that they are emitted (direct effects). The warming in the
atmosphere by CO2 is an example of a direct effect. In other cases, an emitted species changes the
concentrations of other species which cause indirect effects. The formation of tropospheric ozone is an
important example of an indirect effect. Ozone is a strong oxidant that affects human health and crops, and
is a greenhouse gas. It is formed in the atmosphere from nitrogen oxides and volatile organic compounds in
the presence of sunlight. Another example of an indirect effect is the consumption of hydroxyl radical
(OH) by reactive gases in the atmosphere. When OH concentrations are reduced, the lifetimes of some
greenhouse gases are extended because OH is not available to oxidize and remove these species. Methane
is an example of a species that has an extended lifetime due to this effect.
Most emitted species have an impact on the environment, so a complete evaluation of all
environmental impacts would require intensive characterization. However, quantifying a few major
components is usually enough to capture the majority of climate and health benefits. This section identifies
the measurements of the highest priority for assessing impact.

Human health:
Pollutants, by definition, interact adversely with biological systems and are of often of greatest concern
when they shorten lives and effect human well-being. Health effects caused by emitted species are
determined through epidemiological studies, where concentrations are correlated with health outcomes
over long periods of time. Indications that a species may have harmful effects can be determined by
toxicological studies, where health responses are observed, usually in cells or exposed animals.

Crops and ecosystems:
Just as pollutants may have adverse effects on humans, they can also affect other biological systems. Leafy
plant matter, soils, and surface water quality can be effected by air pollutants.

Climate:
A chemical species affects Earth’s radiative balance, and hence climate, when it absorbs or reflects light in
the atmosphere. “Greenhouse gases” in the troposphere absorb infrared radiation, causing a warming
effect. Liquid or solid state particles can have a warming or a cooling effect depending on whether they
primarily absorb or reflect sunlight, respectively. Species that affect climate may be characterized as
“long-lived climate forcers” if they have long atmospheric lifetimes; these species accumulate in the
atmosphere and exert effects long after they are emitted. “Short-lived climate forcers” (SLCF) have shorter
lifetimes and their effects die away shortly after emission, but they can still impact global energy fluxes
while they remain in the atmosphere.

Table 1: Summary of major species emitted from brick kilns that impact health, climate,
and crops.
Parameter
Carbon monoxide
Carbon dioxide
Volatile organic

Impacts (climate,
health, crops)
Health, climate
Climate
Health, climate

Priority for
measurement
High
High
Medium

compounds
Methane
Climate
Nitrogen oxides (NOx) Health, climate
Hydrogen fluoride
Health, crops
Sulfur dioxide
Health, climate
Total suspended particles Health, climate
Health, climate
PM10
Health
PM2.5
Black carbon
Climate, health
Organic carbon
Climate
Elemental composition Health, modeling
Particle scattering
Climate
Particle absorption
Climate
1If

High
Medium
High1
High
Low
Medium
High
High
High
Low
Medium
Medium

fluoride is present in the fuel or clay.

3.1

Gas emissions

3.1.1 Carbon monoxide
Carbon monoxide (CO) is a toxic gas that is produced during combustion. Inhalation of CO reduces
available oxygen in the body and primarily effects the brain and heart. At high concentrations, it can cause
unconsciousness and mortality. Chronic exposure to non-lethal concentrations is often undetected or
misdiagnosed [19] and includes symptoms such as dizziness, nausea, confusion, depression and increased
incidence of heart disease. CO exposure is particularly dangerous for the developing fetus; CO crosses the
placenta and can cause low birth weights and brain damage [19].
Carbon monoxide has an indirect warming effect on climate. CO does not absorb significant amounts
of solar radiation, but chemical reactions with CO in the atmosphere produce greenhouse gases, ozone and
CO2. In addition, CO reduces the concentration of OH in the atmosphere, which extends the lifetime of
CH4 [31], a greenhouse gas that is 36 times more warming than CO 2.
Carbon monoxide can also be measured to approximate the quality of combustion. Complete
combustion of carbon produces carbon dioxide, but incomplete combustion produces largely CO. The ratio
of CO to CO2 can be used to assess the completeness of the combustion.
CO is identified as a high priority for measurement because of its health and climate effects and
because it is an indicator of combustion quality.

3.1.2 Carbon dioxide
Carbon dioxide (CO2) is the dominant emission from normal combustion of carbon-based fuels, including
those used in brick kilns. It is the world’s most abundant and influential greenhouse gas, with a climate

forcing of 1.9 Wm−2 [9]. However, it does not affect human health at concentrations near atmospheric
levels.
Carbon dioxide emissions are required for assessment of the climate impact from brick kilns. CO2
emissions can usually be approximated by assuming that all carbon in the fuel becomes CO 2, but in brick
kilns, some CO2 is emitted from the brick clay. We rank CO 2 measurement as high priority because CO2 is
a significant percentage of the emissions and a greenhouse gas. Ratios between other species and CO2 also
provide indicators of combustion quality.

3.1.3 Volatile organic compounds
Volatile organic compounds (VOCs) are organic molecules that are gaseous at ambient temperatures.
Thousands of such compounds exist. All volatile organic compounds promote tropospheric ozone
formation and reduce the amount of OH radical in the atmosphere. The strength of the interaction depends
on the reactivity of each compound. Methane is a component of VOCs, but is sometimes separated because
it is not a health impacting pollutant. All other VOCs are termed Non-methane volatile organic compounds
(NMVOC). If oxygenated compounds are omitted, the remainder are called non-methane hydrocarbons
(NMHC).

3.1.4 Methane
Unlike other VOCs, methane is a greenhouse gas. Methane also has a longer atmospheric lifetime (about
12 years) compared to other VOCs (days to months), but is considered a short-lived climate forcer. When
its forcing is integrated over 100 years, each kilogram of methane from fossil fuels is 36 times more
warming than a kilogram of CO2 [25]. Breathing methane does not affect human health, but it is a fire
hazard at high concentrations. Concentrations of CH4 in flue gas are small compared to CO2, but the
impact on climate can be significant because of its greater warming potential. CH 4 has been measured in
kilns in Nepal and was 2% and 0.01% of emitted carbon in clamp and zigzag kilns, respectively [32]. The
strong climate warming effects of even a small fraction of CH4 emissions makes CH4 a high priority
species.

3.1.5 Nitrogen oxides
The combination of NO and NO2 are commonly termed NOx. NO2 is toxic gas that is also a US EPA
National Ambient Air Quality Standard criteria pollutant. NO2 is toxic to humans and in the atmosphere,
NO2 contributes to troposphere ozone production [11] and acid rain formation. Chemical oxidation of NO
in the atmospheric is a large source of NO2. NO is formed during combustion through the oxidation of
atmospheric N2 or nitrogen present in the fuel. Because the transition from NO to NO 2 is a fast reaction,
NO is commonly measured from combustion as a proxy for atmospheric NO 2
NOx (NO) is a high priority for measurement because it affects both climate and air quality through its
contribution to tropospheric ozone formation. Previous measurements of NO from Indian BTK and
natural draft zigzag kilns were low (1-10 tons per year) compared to the EPA new source standard of 100
tons per year. NOx measurements are considered medium priority measurements.

3.1.6 Hydrogen fluoride
Hydrogen fluoride (HF) is a toxic compound that is emitted when fluoride is present in the clay or fuel.
Hydrogen fluoride is toxic to humans and can also damage plants. Agricultural plant damage due to HF has

been observed in the vicinity of brick kilns [1]. HF is a high priority for measurement if there are high
levels of fluoride in the fuel or clay.

3.1.7 Sulfur dioxide
Sulfur dioxide is formed from the oxidation of elemental sulfur found in fuel and in clay, and has been
measured in brick kiln emissions. Sulfur dioxide (SO2) affects health and is listed among U.S. EPA criteria
pollutants. SO2 reacts with water to form sulfurous and sulfuric acids which are corrosive and skin and
lung irritants. Short-term exposures to SO2 in the air can cause both short and long term respiratory health
effects. Sulfur acids from SO2 also form in the atmosphere, where they acidify raindrops, resulting in acid
rain.
Other reactions with SO2 in the atmosphere include the formation of sulfate particles (SO 42−). Sulfate
particles are one of the main agents of negative short-lived climate forcing, with a forcing estimate of -0.41
(-0.62 to -0.21)Wm−2. They scatter incoming solar radiation and have a cooling effect on the atmosphere.
Most of the sulfate in the atmosphere is formed through atmospheric reactions after emission. The amount
of sulfate particles present in fresh combustion emissions is low, although 50-90% of emitted SO2 become
sulfate particles [20]. Therefore, measurements of sulfate particles at emission are low priority; instead,
SO2 emissions are used to estimate the effects of sulfur-containing compounds. Sulfur dioxide is a
high-priority measurement because it is an atmospheric pollutant and a precursor of sulfate particles, which
affect both climate and health.

3.1.8 Oxygen
Oxygen content is typically measured in stack sampling, especially when regulations require normalization
to oxygen content. This normalization is required because regulations focus on concentrations, yet dilution
reduces those concentrations without reducing the emitted mass. Oxygen is also measured to assess the
state of combustion by determining the amount of excess air supplied. Oxygen measurements have some
limitations when used with variable fuel content and fluctuating combustion, because interpretation of the
oxygen measurement to quantify excess air requires an assumption about the fuel composition, which is
often not known. Also, in the very dilute exhaust that can be found in brick kilns, oxygen measurements
approach the values in ambient air, and are not very sensitive indicators. The carbon balance method
already provides a way to relate dilute concentrations to total emitted mass and does not require an oxygen
measurement. Because oxygen is not a pollutant and its measurement may not provide the benefits found
in other stack sampling, it is a low priority measurement unless regulations require concentrations
normalized to oxygen.

3.2

Particulate matter

Particulate matter (PM) is the solid or liquid material that is suspended in a gas. Categories of PM are often
distinguished by particle size because it is roughly indicative of health and climate effects. Large particles
fall out of the atmosphere soon after emission and, therefore, have little impact on air quality, health, or
climate. PM has been correlated with health effects [21] and particles smaller than 2.5 micrometers have
been shown to be more strongly correlated with health effects than larger particles [29, 26].
PM is a short-lived climate forcer; atmosphere concentrations quickly decrease when emissions are
reduced. The lifetime of PM in the atmosphere is about a week or less, depending on the particle size,
composition, and atmospheric conditions at the region of emission. Particles impact the climate in several

ways; by direct effects, where particles interact with solar radiation, or indirect effects, where the particles
impact clouds by changing their droplet size and lifetime [7].

3.2.1 Total suspended particles
Total suspended particles (TSP) refers to the mass of particulate matter of all sizes. TSP includes both
small (fine) and large (coarse) particles. Measurements of TSP may include significant amounts of mass
from large particles that have little health and climate impacts. For that reason, some air quality control
measures and standards are now based on particles smaller than a certain size. TSP emissions from brick
kilns are not considered a high priority for measurement unless required for local regulations.

3.2.2

PM10

Particulate matter that is smaller than 10 μm aerodynamic diameter is classified as PM 10. PM10 is a
regulated air pollutant in most countries and, the WHO publishes global guidelines on recommended
maximum exposures of PM10 (20 μgm−2 annual mean) [48]. PM10 is a high priority for measurement
when local regulations require it or if measurements of PM 2.5 are not possible.

3.2.3

PM2.5

PM2.5 refers to the mass of particles that are smaller than 2.5 μm. PM 2.5 has a stronger relationship with
health impacts than PM10, and for this reason, regulations in some countries (including USA, EU, and
China) include PM2.5. The WHO publishes guidelines on recommended maximum exposure of PM 2.5 (10
μgm−2 annual mean) [48], which has been shown to be exceeded at brick kiln work sites [30]. PM 2.5 is a
high priority for measurement because of its health and climate impacts.

3.3

Particulate matter characterization

3.3.1 Black carbon
Black carbon (BC) is a component of particulate matter, usually found in particles smaller than 2.5
micrometers. BC is formed during combustion of carbon-based fuels. Like other components of PM, BC
exposure is associated with adverse health effects [16], and BC is a short-term climate forcer. However,
unlike most species in particulate matter that scatter light and cause cooling in the atmosphere, BC absorbs
light and causes warming. Climate forcing by BC has been estimated as 1.1 (0.17 to 2.1) Wm−2 [4]
including all mechanisms and sources, or 0.4 (0.05 to 0.8) Wm−2 for direct forcing of fossil and biofuel
emissions only [8]. Black carbon is the second most powerful forcing agent in the atmosphere, after carbon
dioxide (1.68±0.35 Wm−2) [24]. Black carbon is a high-priority measurement because it is strongly
warming and can constitute a substantial fraction of the positive climate forcing caused by brick kilns.
Brick kilns emit particulate matter that contains black carbon. Measurements in South Asian kilns
show that about two thirds of the particulate matter was black carbon on average and but it could range
from 1% to nearly 100% for different kilns [47]. This variability in the BC fraction makes it difficult to
predict BC emissions and therefore important to measure in addition to particulate matter.

3.3.2 Organic matter
Particulate matter from combustion is also composed of a mixture of organic compounds, known as
organic matter (OM). Organic matter is frequently emitted with black carbon, because both originate in
carbon-based fuels. Unlike black carbon, organic matter primarily scatters instead of absorbs light, and has

a cooling effect on the climate. The carbon associated with the compounds in OM is known as organic
carbon (OC). Often, OC is measured rather than OM, and OM is inferred from the measured OC. Organic
carbon is a high-priority measurement due to the climate cooling effects of these particles.

3.3.3 Elemental composition
Elements such as silicon, sodium, iron, calcium, potassium and others can be either emitted as escaping
mineral matter or released from fuel during combustion [3]. Source apportionment studies compare ratios
of these elements measured at sources and in ambient air to determine the origin of air pollution. Elemental
composition could be useful for source apportionment studies that attempt to isolate the contribution of
brick kilns. Detection of emitted mineral matter could also be useful for modeling air quality and climate.
However, this is a low ranked measurement for climate and health impacts, but high for source
apportionment studies.

3.3.4

Particle scattering and absorption

The amount of light scattered and absorbed by particles provides a rough estimate of how they affect the
Earth’s radiative balance, and hence climate. Scattering is approximately proportional to particle mass and
the ratio between these quantities is the mass scattering efficiency (αs). Likewise, absorption is
approximately proportional to black carbon mass and the ratio is the mass absorption efficiency of black
carbon (αa). Both αs and αa can change at a kiln and even throughout a single kiln monitoring event. The
size and composition of particulate matter, as well as relative humidity, can cause variation in mass
scattering efficiency. In addition, αs and αa change in the atmosphere after emission as particles undergo
chemical and physical transformations. Thus, measurements at emission are only a rough estimate of
particle influence on climate.
Scattering and absorption, when measured in real-time, can provide estimates of real-time particle
concentrations. Real-time measurements are useful to understand variability and emissions responses to
process events in the kiln. It has been observed in kilns in India, for example, that particle and gas
emissions do not necessarily follow the same emission patterns. Real-time measurements of particle
scattering and absorption are useful as guides to understanding process variability and evaluating a
representative sample period, and they are ranked as medium priority.

4

Reporting metrics

The following metrics are suggested because they inform climate, health and pollution studies, as well as
performance comparisons between kilns.

4.1

Emission metrics

Pollutant concentrations are measured in the kiln plume or stack and are used to derive performance
metrics. Concentration measurements should not be used to compare performance between different
technologies, or even the same technology at different time periods. Concentration measurements are
strongly dependent on the amount of dilution and the total emissions is the product of the concentration
and flow rate. The concentration is not independently indicative of the total emissions or performance of a
kiln. The following metrics normalize the concentrations to well constrained variables and can be used to
compare kiln performance.

4.1.1 Emission factors
An emission factor (EF) is an amount of a pollutant relative to an activity metric, such as fuel consumed or
brick produced. Emission factors are used to estimate the emissions from individual sectors and are used in
inventories that are inputs to climate models [6, 5, 22]. For example, an estimate of the emission factor for
particulate matter of diesel trucks (g PM/kg diesel) can be multiplied by the amount of diesel used by the
total truck fleet, resulting in the total PM emissions from diesel trucks. This framework is used to compare
the amount of pollution from different sectors and regions. Three types of emission factors are relevant for
brick kilns: the mass based emission factor, the energy based emission factor, and the brick based emission
factor. The choice of emission factor base may depend on the availability of activity data.
Emission factors can also be used to compare the performance of kiln technologies. Normalizing the
emissions allows comparison across very different technologies. Emissions from batch or continuous kilns
of any size can be compared to quantify the amount of pollution per process unit.

4.1.1.1 Mass based emission factor
The mass based emission factor (EFmass) is the mass of pollutant per mass of fuel consumed (g/kg fuel).
Fuel based emission factors should not be used to compare kilns that use fuels with different energy
densities. In this case, energy based emission factors are more appropriate. EF mass is primarily useful as an
input to regional and global inventories that utilize fuel consumption data from the brick sector.

4.1.1.2 Energy based emission factor
The energy-based emission factor (EFenergy) is the mass of pollutant per MJ of fuel consumed (g/MJ). By
normalizing emissions to the energy consumption, EF energy allows emissions to be compared between
different fuel types and fuel mixtures with different energy densities. Energy based emission factors are
calculated from mass based emission factors and the effective heating value of the fuel.

4.1.1.3 Brick-based emission factor
The brick-based emission factor (EFbrick) is the mass of pollutant per kilogram fired brick produced (g/kg
fired brick). Different kilns produce bricks of different average size and mass, so a normalized emission
factor in grams pollutant per kg fired brick should be used to compare between kilns. There are caveats to
this metric, however. The strength and porosity of each kilogram of brick may not be the same and
perforated bricks can provide the same wall area with less material. These variables should be carefully
considered when comparing kiln performance.

4.1.2 Emission rate
An emission rate (ER) is the mass of the pollutant emitted per time (g/min) from the kiln. The emission
rate will vary depending on the size of kiln, and should not be used to compare the performance of
different kilns. The emission rate is useful to know in the context of local or regional pollution sources.
Often, emission rate limits are used in air quality regulations.

4.1.3 Emission ratios
The ratio of a pollutant to co-emitted species is called an emission ratio. They can be used to evaluate the
combustion characteristics. Emission ratios have low uncertainty but are only moderately informative for
health and climate outcomes. The following emission ratios are suggested.

4.1.3.1 Carbon emission ratio
The carbon emission ratio is the ratio of a pollutant to total carbon in an emission plume. The total carbon
includes the CO2, CO, CH4, hydrocarbons, and carbon in PM.

4.1.3.2 Modified combustion efficiency
The combustion efficiency is the ratio of the fully combusted carbon (forming CO 2) to the amount of
carbon in the fuel. The modified combustion efficiency (MCE) is an approximation of the true combustion
efficiency using only concentration measurements of CO2 and CO in the exhaust gases. It is the ratio of the
carbon in CO2 over the carbon in CO2 plus CO (Equation 1), where CO and CO2 are used to approximate
the fuel carbon.

MCE= CCO2/CCO2+CCO

(1)

4.1.4 Normalized pollutant concentrations
Pollutant concentrations can be normalized to a reference O2 or CO2 concentration. Dry concentrations
that are normalized to 8%O2 or 12% CO2 are common practice.

4.2

Metrics for kiln operation characterization

The following metrics are used to characterize the brick kiln operation.
Specific energy consumption (SEC)
Specific Energy Consumption (SEC) is defined as the energy in Megajoules consumed to produce 1 kg of
fired brick (MJ/kg brick). SEC is usually used as a parameter to compare energy performance of brick
kilns.
Specific fuel consumption
Mass of fuel required to produce 1 kg of fired brick.
Brick production rate
The brick production rate is the number or mass of brick produced per hour.

5

Emission measurements

This section outlines two general methods to determine emission metrics and the challenges for each in
brick kilns.

5.1

Methods to determine emission metrics

5.1.1 Stack flow method
The calculation flow in the stack flow method is shown in Figure 13. In the stack flow method, the exhaust
from combustion is channeled into a chimney. The flow rate and pollutant concentrations in the stack are
measured. An emission rate is determined by multiplying the flow rate and the pollutant concentrations.
Emission factors are determined by monitoring the fuel and brick feeding rates during the emission
measurement period. EPA Methods give guidance on the flow rate, gas (SO 2, CO, and NOx), and
particulate emissions measurements [37] [42] [43].

Figure 13: Analysis flow for the stack flow method. Output emission metrics are in
orange and input metrics in grey boxes.
5.1.2 Carbon balance
The carbon balance method can be used to calculate a mass based emission factor using the conservation
of carbon mass. It is critical to know the carbon content of the consumed fuel and account for the carbon in
the gas and particle phases in the stack. The mass based emission factor is determined first, then multiplied
by the fuel specific energy to determine the energy based emission factor. Similarly, the specific fuel
consumption is used to determine the brick based emission factor. The emission rate can be determined
using the brick production rate or the fuel consumption rate. The analysis flow for the carbon balance is
shown in Figure 14.

Figure 14: Analysis flow for the carbon balance method. Output metrics are in orange
and input metrics in grey boxes.
This method can be used whenever the fuel carbon and emission carbon are measured and can be used
as a check when the stack flow method is employed. The method can be used for measurements at stack
concentrations, diluted stack concentrations, or in cases where there is no stack and the dilution ratio is not
known. The versatility of the method makes it attractive for brick kiln measurements but there are
limitations. The fuel carbon content can easily be measured, but can be variable – especially when fuel
mixtures are used, and when fuel is mixed in with the clay. In addition, unburnt carbon that remains in the
ash is assumed to be combusted. Unburned fuel is usually difficult to access and measure in most kilns.
The bricks themselves can contain significant amounts of carbon and can cause errors in the calculations.
The calculations for this methods are shown in Brick Kiln Emissions Sampling Protocol: Dilution
sampling for climate-relevant particle emissions [33].

5.2

Brick kiln measurement challenges

5.2.1 Low velocity in stacks
Poor measurements of stack flow can cause significant errors in the emission metrics calculations, and
uncertainties in velocity measurements are highest when the velocities are low. In some cases, such as for
natural draft kilns, the velocity in the stack can be near the detection limit of the pitot tube (approximately
1-2 ms−1). The situation is further complicated when flows are unsteady and when portholes in the stack
do not allow for a full flow traverse (measurements of stack velocity at different points in the cross-section
of the stack). Note: center stack measurements of stack velocity should not be used to estimate stack flow.
A flow traverse is required when using the stack flow method. Low flow stacks in India (Bull’s Trench
kiln and natural draft zig-zag) had average stack velocities that were about 60% of the center stack
velocity. Stack velocity is a required measurement in the stack flow method, but is not required in the
carbon balance method.

5.2.2 High moisture levels
Moisture levels in brick kilns are higher than other industries because water is released from the bricks as
well as the clay. In some cases, there may be entrained water in the stack, which poses a difficulty for
PM2.5 and other particle measurements. In this case, even a heated probe will not prevent all condensation.
Water condensation can cause particle and SO2 losses in the system.

5.2.3 Corrosive environment
High concentrations of acids from SO2, NO, HF, and HCl can corrode probes and fittings. Only stainless
steel tubing and fittings should be used in the stack. These gases can also disrupt gas sensors and other
internal components in the sampling system. Direct measurements at stack concentrations may require
short sampling durations with intervals of clean air measurements to limit the effects of acids in the
system.

5.2.4 High particle concentrations
High particle concentrations pose a challenge for filter-based particle sampling. High concentrations can
quickly overload filters. In PM sampling filters, this can result in pressure drops in the system and for
filter-based black carbon measurements (see Section 6.7), overloading can prohibit filter analysis entirely.

5.2.5 Organic carbon measurements
Organic carbon measurements are sensitive to temperature and dilution levels and should be measured at
conditions that mimic conditions in the atmosphere after emission. Organic carbon samples should be
diluted and be at ambient temperatures when they are collected. Particulate matter sampling methods in the
EPA standards are not appropriate for organic carbon sampling. The sample should be diluted for organic
carbon measurements [15]. Organic matter can make up a significant part of the PM, so this effect will also
impact PM measurements.

6
6.1

Concentration measurement methods
Measurements at stack concentrations

The environment inside the stack is hot, wet, and contains high concentrations of particles and acid gases.
It is sometimes preferable to measure at these conditions. When using the stack flow method to calculate
emission factors, the measurements should be conducted at stack concentrations. The EPA methods and
most stack gas analyzers on the market are designed to measure at stack concentrations.

6.2

Measurements at diluted concentrations

Dilution sampling is a technique where stack or plume emissions are measured after mixing with clean air
to bring the sample to a concentration and temperature that is representative of atmospheric conditions.
This is especially important for emissions that transition between the gas and particle phases.
Measurements at conditions that are too hot will overestimate the material in the gas phase, while low
temperatures may underestimate gas phase material. Dilution samplers have been used for stack sampling
of organic matter and other pollutants since the 1980s [15].
Dilution sampling using carbon balance for analysis is detailed in Brick Kiln Emissions Sampling
Protocol: Dilution sampling for climate-relevant particle emissions [33].

6.3

Measurements in kilns without stacks

Kilns without stacks have additional measurement challenges. Flue gases can be emitted from several
places in the kiln and it may be logistically difficult to find ways to place probes in emissions plumes. In
addition, the emissions from various locations are unlikely to be uniform; a mixture of pollutants from one
place in the kiln can be significantly different from pollutant mixtures from another place in the kiln. When
a chimney is not present, the method of analysis is limited to the carbon balance method. Figure 15, shows
ways emissions from batch kilns have been measured. In an artisanal batch kiln, emissions testing
equipment was on a hillside, and a probe was extended above the kiln. In a clamp kiln in India, the testing
equipment was placed at a relatively cool location on the top of the kiln and the probe extended above the
firing zone. Here, no additional scaffolding was required, however there may be cases when there is no
safe space to place the equipment and maneuver around it. In such cases, built scaffolding may be required.

Figure 15: Emissions measurements at batch kilns. (a) Equipment and probes can been
seen on a hillside near the kiln. (b) The probes are extended above the top of the kiln. (c)
Equipment and probes on a cool area on top of a clamp kiln.

6.4

Gas concentration measurements

If gas measurements are to be conducted at stack concentrations, the EPA standard methods should be
used. For dilution sampling, the choice of sensor must be able to detect the gas at the measured
concentrations.

6.5

Particulate matter measurements

For measurements of TSP at stack concentrations, EPA method 5 and 17 are appropriate [41, 38]. For
measurements of PM10 and PM2.5, EPA method 201A can be used [39]. EPA Method 5 or 17 are
appropriate as long as the sample duration is sufficient for a representative sample. These methods are
designed for sources with steady-state emissions, and the minimum required sample time prescribed are
not adequate for the temporal variability of kiln emissions previously measured in India, Nepal, and
Colombia (see Section 7.1). At high stack temperatures (above 30 ∘C), the organic matter in the gas phase
will result in underestimates of PM emissions. EPA method 202 can be used to measure condensible PM

[40], but note that SO2 causes a positive artifact in the measurements. Issues with the EPA methods for PM
sampling have been acknowledged and dilution sampling is favored for measurements of PM that are
atmospherically representative [44, 12]. Dilution measurement of PM 2.5 mass and particle scattering for
brick kilns are discussed in detail in Brick Kiln Emissions Sampling Protocol: Dilution sampling for
climate-relevant particle emissions [33].

6.6

Elemental composition

If elements other than carbon are present in significant quantities, additional analysis can be done with
particles collected on a Teflon filter. This is usually either X-Ray Fluorescence (for mineral matter) or Ion
Chromatography (for compounds that form ions, like ammonium sulfate).

6.7

Black carbon, organic carbon and particle absorption

The EPA methods for stationary source sampling do not provide guidance for black carbon measurements
and brick kilns can be challenging sources. Analysis for BC usually cannot be conducted on the same type
of filter and at the same filter mass loadings that are ideal for particulate matter measurements, and heated
samples – which are generally used in the EPA standard methods – should not be used for organic carbon
measurements. Dilution sampling is recommended for BC, OC, and particle absorption measurements.
There are many instruments available to measure black carbon. General method comparisons can be
found in the literature [10, 23, 49, 46]. Optical absorption can be measured to provide an approximation of
black carbon mass or as an indicator of real-time changes in BC emissions.
Most of the methods for detecting either black carbon or light absorption were originally designed for
atmospheric concentrations. For that reason, even with diluted flue gas, special care needs to be taken to
obtain measurements that are within instrument range. Particle concentrations in the stack have been
measured in the range of 100–500 mg/Nm3.

6.7.1 BC incandescence
Black carbon incandesces (gives off light) when heated to a high temperature and this characteristic can be
used to measure BC. When a high energy laser beam enters a sampling volume and is absorbed by the
particles, incandescent light emitted can be calibrated to BC mass. Other light absorbing particles do not
incandesce at the same temperatures and thus do not influence the determination of black carbon mass.
The Single Particle Soot Photometer (SP2) is a commonly used instrument that uses this principle.
Determining concentrations using incandescence is possible only at low concentrations with the SP2,
because errors occur when multiple particles are in the same sampling volume (“coincidence”). The SP2,
has a maximum operating range of about 2000 particles/cm3, and would require a very high dilution ratio
to operate property. The SP2 has not been used for measurements from brick kilns.

6.7.2 Thermo-optical analysis for organic and elemental carbon
Thermal-optical analysis for organic and elemental carbon can be applied to filters after collection. This
method provides only integrated rather than real-time samples. During the analysis, filters are heated,
causing carbon to volatilize, and this carbon is then measured with a flame ionization detector. Organic
carbon volatilizes from the filter more readily than elemental carbon, and this characteristic allows for a
procedure that can distinguish between the two forms of carbon. The filter is first heated in an oxygen free
environment such that OC desorbs and EC does not. Once that phase is complete, the filter is heated again
in an oxygen-containing environment, where EC can oxidize.

This analysis has uncertainties due to organic carbon that chars and is then measured as elemental
carbon. Corrections for this bias are done by measuring transmittance through or reflectance from the filter
during the analysis. The need for this correction is the source of the main limitation in the dynamic range:
the laser must be able to pass through the sample at all times during the analysis, so that the loading of EC
should be no more than 10 μ g/cm2, and probably less, to account for the possibility of charring organic
carbon. Samples that are overloaded can be used to determine total carbon, but the division between EC
and OC cannot be reported.
The substance determined using this method is called “elemental carbon” rather than black carbon.
This distinction is made because the reported result has known differences from BC mass, but appropriate
corrections depend on the other material present on the filter. The result of the method also depends on the
temperature steps used in the protocol and whether transmittance or reflectance is chosen for the
correction.

6.7.3

Filter-based optical instruments

When a particle-laden air stream is drawn through a filter paper, particles deposit and darken the filter.
This darkening can be measured with optical sensors and used to approximate particle concentrations. Any
particle that darkens the filter paper (absorbs light) is measured.
Instruments that rely on optical methods for real-time measurements include the Particle Soot
Absorption Photometer (PSAP), Aethalometer, and microAeth. The challenge for this type of measurement
is rapid loading. When the filter is too dark to accurately detect additional particles that deposit on the
filter, the filter must be replaced. Because filters can become loaded in only a few minutes, significant
measurement gaps can occur during peak events. The time to replace a filter includes readjustment time
after each filter change. If filter-based optical instruments are chosen for black carbon measurements, it is
advisable that the time lost for each filter change is less than 30 seconds. To prevent rapid loading, flow
rates usually must be set to the minimum recommended by the manufacturer.
Integrated filter samples can also be measured optically as in the Magee Optical Transmissometer
(OT21) [2]. As in the real-time measurements, the filter can become overloaded, causing BC to be
underreported. This is one of the simplest methods to estimate BC from emission sources, but an
appropriate value of the mass absorption cross-section must be applied and overloading must be avoided.
The manufacture suggests a maximum filter loading of 12μg/cm2. If one was to try to measure an
undiluted sample with this instrument, at a stack concentration was 200mg/m3 and a filter flow rate of 0.2
LPM on an 47mm filter, the filter would be overloaded in about 10 minutes.
Two additional cautions for interpreting filter-based measurements are the effects of other absorbing
material, and alteration of absorption by the filter. Black carbon is more light-absorbing than other
particles, but the light absorption of organic carbon or other material can also be measured. “Black carbon”
measured using this method is given the term “light-absorbing carbon” to acknowledge the possible
presence of other absorbing particles. “Brown” organic carbon absorbs at blue to green wavelengths, so
measurements taken at relatively long wavelengths (660-880 nm) are more likely to exclude absorption by
organic carbon.
Absorption by particles captured on a filter is greater than absorption by the same particles in the
atmosphere. The correction depends on the filter material, the loading of black carbon on the filter, and the
loading of other particles on the filter. Users of filter-based optical measurements should be wary of
“constant” correction factors. Instead, they should seek published empirical evidence for these corrections.

6.7.4

Photoacoustic

Photoacoustic instruments also measure light absorption by particles. In a photoacoustic instrument, a
pulsed light source is shined into a sampling volume. These pulses of energy rapidly heat light-absorbing

particles above ambient temperature. The particles then transfer this energy to heat the surrounding air,
producing a pressure wave that is detected with a microphone.
Photoacoustic instruments have a wide detection range that makes them suitable for kiln
measurements. Challenges with the instrument may include provision of appropriate power source, and a
large size that hampers portability, especially to stack platforms. Dilution should be employed to prevent
condensation in the instrument. Examples of instruments that use this principle are the Photo-Acoustic
Soot Spectrometer (PASS-1 & PASS-3) and the photoacoustic extinctiometer (PAX). The PAX has been
used to measure BC from brick kilns in Nepal using natural dilution in the plume above the stack [32].

6.7.5 BC measurement recommendations
Dilution is required for black carbon emissions sampling using any instrument discussed here due to high
BC and moisture concentrations in brick kilns. We suggest combining a chemical method (thermal-optical
analysis) that is an integrated sample, and a real-time optical method to constrain the measurement of BC.
The integrated sample ensures that all BC is captured without missing any filter-changing events, and
provides a mass measurement suitable for use in transport models. The real-time measurement identifies
processes at the kiln that cause changes in BC emissions, and the optical measurement determines the
absorptive nature of the integrated mass measurement. The thermal-optical analysis of OC and EC,
additionally, provides OC measurements which are necessary to predict the climate impact of the
emissions. A perfect optical method for brick kilns has not yet been found. The MicroAeth is portable but,
like the PSAP, has rapid filter loading issues in high emission events. Photoacoustic instruments do not
have filter-changing issues and have a wide detection range, but are relatively expensive and are
cumbersome for stack measurements. The choice of optical instrument will depend on the goals and
resources of a sampling campaign.

7

Sampling design

Only few measurements of brick kilns have been conducted. However, observations indicate some causes
of variability that should be considered when determining the sample duration at a kiln.

7.1

Causes of emission variability

The emissions at kilns have been observed to vary at several time scales.

7.1.1 Continuous kilns
7.1.1.1

Fuel addition variability

In continuous kilns with semi-continuous fuel feeding, fluctuations in emissions have been observed when
fuel is added. While these fluctuations are cyclical, the magnitude has been observed to change from one
fuel addition to the next. This is especially true when the type of fuel ratios change between fuel additions.

7.1.1.2

Process variability

Each kiln type has distinct processes that can effect emissions. For example, in BTK and zig-zag kilns in
India, the location of the central duct was changed at approximately 6-12 hr intervals, which impacted the
emissions for hours after the event. In Hoffman kilns in Colombia, the particle emissions would decrease
when the fueling process shifted, or when chambers were opened and closed to add bricks. The processes
that should be monitored are those that change the flow through the kiln, or change air to fuel mixing

ratios. All relevant processes may not be observable before measurements; it is for this reason that
real-time measurements are recommended.

7.1.1.3 Day and night variability
In some kilns, especially where fuel is manually fed, fuel feeding may become more variable at night as
workers rest for longer periods. In places where there are regulations and/or negative social perceptions
around air pollution, kiln operating procedures that produce the highest PM emissions are often scheduled
at night. In addition, nighttime temperatures are lower and can affect the flows through natural draft kilns,
which can affect fuel to air ratios and stack velocity.

7.1.1.4 Seasonal variability
It has been observed in kilns in India that have an off season due to monsoon rains, that the emissions
appear to change as the kiln is brought back into continuous use. When first started for the season, there is
additional moisture in the kiln; it takes several months for the kiln to reach equilibrium [47].
Measurements at several intervals throughout the production season would be ideal to characterize a kiln.
At a minimum, the stage in the season should be reported with the measurements.

7.1.2 Intermittent kilns
7.1.2.1 Batch variability
Batch kiln emissions change during the burn cycle, including the lighting, near continuous burning phase,
and the burnout phase. Measurements of the entire burn cycle are not known to have been conducted.
Measurements have been conducted in the continuous burning phase, but they may not be representative of
the full cycle emissions from batch kilns.

7.1.2.2 Day and night variability
Day and night temperature fluctuations have been observed to significantly impact the emissions from
batch kilns. Higher emission were observed at night.

7.2

Sample duration recommendations

Full 12 hr day and 12 hr nighttime sampling is recommended. In continuous kilns, this duration covers
many fuel feeding cycles, daily kiln processes, and day and nighttime emissions. In intermittent kilns, this
duration covers day and nighttime emissions. In addition, in intermittent kilns, without better knowledge
about the cycle variability, measurements that include lighting, continuous burning, and burnout are
preferred.

8

Kiln process monitoring

Processes monitoring at a kiln is important for several reasons. As mentioned above, some processes
impact the emissions, and monitoring is essential to provide explanatory evidence for the observed
emissions. It also is important to assess the representativeness of the emissions sampling period. For
example, if a processes is performed that is only done twice per year, the emissions measured at that time
may not be representative of the rest of the year. The process must also be monitored to determine key
variables used to calculate emissions metrics.

8.1

Brick production rate

In a continuous kiln, the number of green bricks loaded per hour and the number of fired bricks removed
per hour from the kiln should be determined. In an intermittent kiln, the total number of bricks in the batch
must be determined. This is an intermediary metric that is used to determine the specific fuel consumption.

8.2

Specific fuel consumption

In a continuous kiln, the amount of fuel consumed to produce a brick must be determined. In an
intermittent kiln, the total amount of fuel used must be estimated. Several types of fuel are often used and
each must be monitored separately. In continuous kilns, the fuel feeding rate must be monitored. It is
suggested that the feeding process be monitored for the duration of the emissions sampling event and an
average fuel consumption rate should be determined. In addition, the fuel per brick can be estimated by
monitoring the entire fuel feeding over an area with a known number of bricks or by relating the brick
production rate and the fuel consumption rate. Each kiln poses its own challenges for this determination,
and one method will not work for all situations. However, note that the specific fuel consumption is
essential to determine the brick-based emission factors.

8.3

Fuel elemental analysis

Elemental analysis (Ultimate analysis) of each fuel used in the kiln must be conducted for the carbon
balance methods. The carbon content of the mixture uses a weighted average of the fuels.

8.4

Fuel specific energy

Laboratory analysis of the specific energy much be conducted of each fuel in the kiln. The specific energy
of the fuel mixture uses a weighted average of the fuels.

8.5

Specific energy consumption

The specific fuel consumption can be multiplied by the fuel specific energy to determine the specific
energy consumption (SEC). The SEC is a measure of energy used for firing one kilogram of brick in given
conditions using a specific type of kiln. This a measure that can be used to compare kilns. However, the
energy required depends heavily on the type of clay and the efficiency of the kiln. The specific energy
consumption should not be used as a single parameter to compare the kiln technologies across geographies.
One should take extra care while commenting upon the technology performance using specific energy
consumption data.
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