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Abstract

Co-processing of hazardous wastes in cement kilns have for decades been thought to cause increased emissions of PCDD/PCDFs – a
perception that has been evaluated in this study. Hundreds of PCDD/PCDF measurements conducted by the cement industry and others
in the last few years, on emissions and solid materials, as well as recent test burns with hazardous wastes in developing countries do not
support this perception. Newer data has been compared with older literature data and shows in particular that many emission factors
have to be reconsidered. Early emission factors for cement kilns co-processing hazardous waste, which are still used in inventories, are
shown to be too high compared with actual measurements. Less than 10 years ago it was believed that the cement industry was the main
contributor of PCDD/PCDFs to air; data collected in this study indicates however that the industry contributes with less than 1% of
total emissions to air.

The Stockholm Convention on POPs presently ratified by 144 parties, classifies cement kilns co-processing hazardous waste as a
source category having the potential for comparatively high formation and release of PCDD/PCDFs. This classification is based on early
investigations from the 1980s and 1990s where kilns co-processing hazardous waste had higher emissions compared to those that did not
burn hazardous waste. However, the testing of these kilns was often done under worst case scenario conditions known to favour PCDD/
PCDF formation.

More than 2000 PCDD/PCDF cement kiln measurements have been evaluated in this study, representing most production technol-
ogies and waste feeding scenarios. They generally indicate that most modern cement kilns co-processing waste today can meet an emis-
sion level of 0.1 ng I-TEQ/m3, when well managed and operated. In these cases, proper and responsible use of waste including organic
hazardous waste to replace parts of the fossil fuel does not seem to increase formation of PCDD/PCDFs.

Modern preheater/precalciner kilns generally seems to have lower emissions than older wet-process cement kilns. It seems that the
main factors stimulating formation of PCDD/PCDFs is the availability of organics in the raw material and the temperature of the
air pollution control device. Feeding of materials containing elevated concentrations of organics as part of raw-material-mix should
therefore be avoided and the exhaust gases should be cooled down quickly in long wet and long dry cement kilns without preheating.

PCDD/PCDFs could be detected in all types of solid samples analysed: raw meal, pellets and slurry; alternative raw materials as sand,
chalk and different ashes; cement kiln dust, clinker and cement. The concentrations are however generally low, similar to soil and
sediment.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Stockholm Convention on Persistent Organic Pollu-
tants (POPs) entered into force on 17 May 2004 and aims
among others to prevent and minimise as much as possible
formation and releases of unintentional POPs such as poly-
chlorinated dibenzo-p-dioxins (PCDDs) and polychlori-
nated dibenzofurans (PCDFs), polychlorinated biphenyls
(PCBs) and hexachlorobenzene (HCB). Four main source
categories are listed in the Annex of the Stockholm Conven-
tion as ‘‘having the potential for comparatively high forma-
tion and release of these chemicals to the environment’’
(UNEP, 2001; Richter and Steinhauser, 2003). Cement kilns
co-processing hazardous waste is one of these.

The Cement Sustainability Initiative (CSI) was launched
in 1999 under the auspices of the World Business Council
for Sustainable Development (WBCSD); it is supported by
16 of the leading companies in the cement industry operating
in more than 70 countries (WBCSD, 2005). The cement
industry is today distributed throughout the world and in
2003 produced approximately 1940 million tons of cement
(Cembureau, 2004). The cement industry consumes billions
of tons of raw materials and more than 300 million tons of
coal, and is believed to contribute to about 5% of the global
anthropogenic CO2 emissions (Worrell et al., 2001;
WBCSD, 2002; Oss and Padovani, 2003). Approximately
60% of the CO2 originates in calcination of limestone; the
remaining 40% is due to combustion of fossil fuel.

One of the main routes towards sustainability in the
cement industry is to reduce the use of non-renewable fossil
fuels and virgin raw materials by substituting these with
high caloric waste and alternative raw materials. The per-
ception that cement kilns substituting parts of its fossil fuel
with waste materials is a potential PCDD/PCDF emitter is
taken seriously and the objective of this paper is to present
recent data on PCDD/PCDF releases from the industry
globally, to compare these with older data and to evaluate
the magnitude of their release contribution.

The data presented in this article have been gathered
from three main sources: (1) publicly available reports
and articles where actual measurements from cement kilns
have been conducted, often in test burns, and with com-
plete references; (2) national or regional inventories which
present PCDD/PCDF contribution estimates from the
cement industry, usually based on emission factors found
in literature; and (3) measurements by cement companies
performed during last years.

2. Production of cement

Cement production involves heating, calcining and sin-
tering of blended and ground raw materials, typically lime-
stone and clay or shale and other materials to form clinker.
Clinker burning takes place at a material temperature of
1450 �C in rotary kilns, i.e. inclined rotating cylinders lined
with heat-resistant bricks. After cooling, the clinker is
ground with a small amount of gypsum to give Portland
cement, the most common type of cement. In addition,
blended cements are produced by intergrinding cement
clinker with small amounts of materials like fly ash, granu-
lated blast furnace slag, limestone, natural or artificial
pozzolanas (Duda, 1985; Roy, 1985; IPPC, 2001).

Depending on how the raw material is handled before
being fed to the kiln, basically four different types of rotary
kiln processes can be distinguished: the dry, semi-dry, semi-
wet and wet processes. In the dry process the feed material
enters the kiln in a dry, powdered form. The kiln systems
comprise a tower of heat exchange cyclones in which the
dry raw material feed is preheated (‘‘suspension preheater
kiln’’) by the rotary kiln’s hot exit gases prior to entering



Fig. 1. Temperatures and gas residence time in a four-stage preheater kiln;
gas temperature is underlined (Waltisberg, 2001).
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the kiln. The calcination process can almost be completed
before the raw material enters the kiln if part of the fuel
is added in a secondary combustion chamber, the precal-
ciner. In the wet process, the feed material is grinded with
water and the resulting slurry, typically containing 30–40%
water, is fed directly into the upper end of the inclined kiln.

In the semi-dry or semi-wet processes water is either
added to the ground dry feed material or removed from
the slurry, e.g., by filter presses, resulting in a feed material
containing about 15–20% moisture. Pellets of feed material
are loaded onto a travelling grate where they are preheated
by the rotary kiln’s hot exit gases. By the time the feed
material reaches the kiln entrance, the water has evapo-
rated and calcination has begun.

Preheater kilns usually have four cyclone stages with a
capacity of approximately 4000 tons of clinker per day. A
considerable capacity increase can be obtained with a sec-
ond combustion device located between the rotary kiln
and the preheater section, the precalciner, were up to
60% of the total fuel of the kiln system can be burnt. Mod-
ern preheater/precalciner kiln systems with 5–6-staged
cyclone preheater are considered to constitute best avail-
able techniques (BAT). Such a configuration will use
2900–3200 MJ of energy per ton of clinker and can have
a production capacity up to 10000 tons of clinker per
day (Environment Agency, 2001; IPPC, 2001). The primary
fuels used in the cement industry are coal, petcoke, heavy
oil and – to a lesser extent – natural gas. The average
exhaust-gas volume is 2300 Nm3/ton of clinker. Dust, or
fine particulates, is collected and controlled in air pollution
control devices (APCD) like electrostatic precipitators
(ESP) and/or bag filters (fabric filters).

Vertical shaft kilns is still the dominating production
technology in China accounting for 60% of the Chinese pro-
duction (approximately 4000 vertical shaft kilns existed in
2005), which was 1065 billion ton in 2005 and accounting
for approximately 50% of the world production (Karsten-
sen, 2006b). Vertical shaft kilns are refractory-lined, vertical
cylinder, 2–3 m in diameter and 8–10 m high and fed from
the top with a mix of dry ground raw material and fuel called
black meal, consisting of approximately 13% of coal or coke
and produce usually less than 300 tons of clinker per day.

In the cement clinker making process it is necessary to
maintain material temperatures of up to 1450 �C in order
to ensure the sintering reactions required. In addition, the
clinker needs to be burned under oxidising conditions; typ-
ically 2–4% excess oxygen is required in the combustion
gases. A modern rotary cement kiln has many inherent fea-
tures, which makes it ideal for hazardous waste treatment;
such as high temperatures, long residence time, surplus
oxygen during and after combustion, good turbulence
and mixing conditions, thermal inertia, counter currently
dry scrubbing of the exit gas by alkaline raw material, fix-
ation of the traces of heavy metals in the clinker structure,
no generation of by-products such as slag, ashes or liquid
residues and complete recovery of energy and raw material
components in the waste (Chadbourne, 1997) (see Fig. 1).
2.1. Feeding of hazardous wastes

Cement kilns have proven to be effective means of recov-
ering value from waste materials (Kreft, 1995; Balbo et al.,
1998) and co-processing in cement kilns is now, despite per-
ceptions, an integral component in the spectrum of viable
options for treating hazardous and industrial wastes,
mainly practised in developed countries. Alternative fuel
and raw materials (AFR) derived from industrial sources
such as tyres, waste oil, plastics, solvents and many more
are commonly used by the cement industry as substitute
fuels, but also hazardous organic wastes have been used
as a co-fuel since the early 1970s (Chadbourne and Helm-
stetter, 1983; Burton, 1989; Hansen et al., 1996). Many
tests have investigated the influence on the emissions and
the product quality when waste materials are used to
replace either fuels or raw materials in clinker production.
So far, no adverse impacts have been identified (Lauber,
1982, 1987; Branscome et al., 1985; Garg, 1990; Karsten-
sen, 1994; Chadbourne, 1997; Balbo et al., 1998).

Proper preparation and selection of appropriate feed
points is however essential for environmentally sound co-
processing. This means that alternative raw materials free
of organic compounds can be added to the raw meal or
raw slurry preparation system while mineral wastes con-
taining significantly quantities of organic components must
be introduced via the solid fuels handling system, i.e.
directly to the main burner, to the secondary firing or,
rarely, to the calcining zone of a long wet or dry kiln
(‘‘mid-kiln’’). Alternative fuels must be fed to the main bur-
ner, to the precalciner, eventually to the kiln inlet, or to the
mid-kiln of a long wet kiln. Most importantly is to ensure
sufficient temperature, oxygen, retention time, and proper
mixing conditions.

A stable cement kiln will comply with the US TSCA PCB
incineration criteria which require a temperature of 1200 �C
and 2 s retention time at 3% oxygen (Dempsey and Oppelt,
1993; Federal Register, 1999; Lee et al., 2000) or the EU
Directive 2000/76/EU, requiring a temperature of 850 �C
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for at least 2 s for the incineration of non-chlorinated haz-
ardous waste and 1100 �C and 2 s retention time for organic
substances containing more than 1% halogen at 2% oxygen
(Council Directive, 2000). Another important criterion for
environmentally sound destruction and irreversible trans-
formation is to achieve a sufficient destruction efficiency
(DE) or destruction and removal efficiency (DRE) (Basel
Convention, 2007). The DRE consider emissions to air only
while the more comprehensive DE is also taking into
account all other out-streams, i.e. products and liquid and
solid residues. A DRE value greater than 99.9999% is
required for disposal of POPs in the US (Federal Register,
1999).
3. Formation of PCDD/PCDFs in thermal processes

Most of the research done on PCDD/PCDF formation
mechanisms in thermal processes is from municipal solid
waste (MSW) incinerators. From these we know that
PCDD/PCDFs can result from a combination of forma-
tion mechanisms, depending on kiln and process configura-
tion, process and combustion conditions, feed
characteristics, and type and operation of the APCD
(Lustenhouwer et al., 1980; Shaub and Tsang, 1983; Dick-
son and Karasek, 1987; Karasek and Dickson, 1987; Stie-
glitz et al., 1989a,b; Kilgroe et al., 1990; Dickson et al.,
1992; Altwicker et al., 1994; Gullett and Lemieux, 1994;
Sidhu et al., 1994; Stieglitz et al., 1995; Huang and Bue-
Fig. 2. Rotary kiln with cyclone preheater and gas dust col
kens, 1996; Buekens et al., 2001; Everaert and Baeyens,
2002). From these studies it can be deducted that the pos-
sibilities for formation of PCDD/PCDF in cement kilns
will be restricted to the ‘‘cooler’’ cyclone preheater zone
and the post-preheater zone, comprising the cooler, mill
dryer and APCD.
4. Factors influencing formation of PCDD/PCDFs in cement
production

The cement production process in a preheater kiln pro-
cess can be divided in three thermal zones: (1) the high tem-
perature rotary kiln zone, (2) the cyclone preheater zone,
and (3) the post-preheater zone (see Fig. 2).

The high temperature rotary kiln zone includes the
burning or sintering zone where the combustion gases from
the main burner remain at a temperature above 1200 �C for
5–10 s, with peak gas temperatures up to 2000 �C. In the
cyclone preheater zone, at the upper end of the kiln where
the raw meal is added, the gas temperatures typically range
from approximately 850–250 �C and can have a retention
time up to 25 s. In this section, moisture is evaporated
and the raw material is partly calcined. In modern kilns,
a second precalciner burner is installed between the kiln
and the preheater. The post-preheater zone constitutes
the cooler, the mill dryer and the air pollution control
device, with gas temperatures typically in the range from
approximately 250–90 �C from the top of the preheater
lection. The frames define three distinct thermal zones.
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to the exit stack outlet. The retention time of the kiln mate-
rial in the rotary kiln is 20–30 and up to 60 min depending
on the length of the kiln. While the temperature profiles
may be different for the various kiln types, the peak gas
and material temperatures remain the same for any case.
4.1. Products of incomplete combustion – from the fuel

Organic emissions from cement kilns can have three
potential sources: the fuel (including waste), the raw mate-
rial or be formed as new compounds via reactions in the
preheater (products of incomplete combustion, PICs).
Fuels are fed finely milled to burners and exposed to the
gas-phase temperatures up to 2000 �C and 850–1200 �C
in the primary and the precalciner burners, respectively.
Combustion theory suggests that cement kilns provide suf-
ficient reaction time, oxygen concentration and high tem-
peratures to destroy all the organic present in the fuel
and waste fuel feed and efficient burnout of the organic
components should therefore result in limited carryover
of PICs to the cyclone preheater zone and the post-pre-
heater zone, potential precursors to PCDD/PCDF (Eduljee
and Cains, 1996; Eduljee, 1998). This was to some extent
confirmed by Waltisberg (2001) who measured volatile
organic carbons (VOC) and benzene at the kiln inlet in a
preheater kiln to investigate if organic materials from the
fossil fuel could survive the main flame temperature; all
the measurements were however below the detection limit.
Suderman and Nisbet (1992) investigated emissions with
and without fuel substitution and concluded that there is
‘‘no significant difference in stack emissions when 20–40%
of the conventional fuel is replaced by liquid wastes’’,
implying complete destruction of the fuels. An improper
mixing of fuel and oxygen can potentially result in poor
combustion and thus leads to emissions, especially from
the precalciner were the residence time and temperature is
less than in the main burner.
4.1.1. Products of incomplete combustion – DRE of

hazardous wastes

Many studies have been measuring the DREs of hazard-
ous wastes fed together with normal fuels. Already in 1975
Mac Donald et al. (1977) carried out test burns with haz-
ardous chlorinated hydrocarbons containing up to 46%
chlorine in a wet cement kiln in Canada and concluded that
‘‘all starting materials, including 50% PCBs, were com-
pletely destroyed to at least 99.98% efficiency in all cases’’
and emissions of high molecular weight chlorinated hydro-
carbons were not detected. Similar tests with chlorinated
and fluorinated hydrocarbons conducted in a wet kiln in
Sweden showed that the destruction and removal efficiency
of PCBs was better than 99.99998% and that there were no
change in product quality or any influence on process con-
ditions with a chlorine input up to 0.7% of the clinker pro-
duction (Ahling, 1979).
Viken and Waage (1983) carried out test burns in a wet
kiln in Norway feeding 50 kg PCBs/h, showing a DRE bet-
ter than 99.9999% and no traces of PCB in clinker or dusts
could be detected. Benestad (1989) carried out two studies
in a dry preheater cement kiln in Norway and concluded
that the ‘‘type of hazardous waste used as a co-fuel’’ does
not influence the emissions and that the destruction of
PCBs was better than 99.9999%. ‘‘0.2 ng N-TEQ/m3 and
0.1 ng N-TEQ/m3 were measured when feeding hydrocar-
bon waste (fatty acid esters, solvents and paint residues)
and PCB-waste, respectively’’.

Thermal stable and refractory materials, such as carbon
tetrachloride, perchloroethylene, chlorobenzenes and sul-
phur hexafluoride have been used to demonstrate that
cement kilns can achieve the best DREs when fed at the
hot end of cement kilns and earlier data which indicated
cement kiln DRE results below 99.99% for hazardous
wastes are believed to be due to either outdated sources
or improperly designed tests, or both (Chadbourne, 1997;
Cement Kiln Recycling Coalition, 2002).
4.1.2. Products of incomplete combustion – formation in the

preheater

Trenholm and Hlustick (1990) investigated organic
emissions from a preheater/precalciner kiln when feeding
liquid wastes to the main burner and solid wastes spiked
with monochlorobenzene (MCB) to the kiln inlet. Organic
concentration in the alkali by-pass located at the kiln inlet,
was generally much lower than in the main stack, reflecting
the high temperature conditions and destruction ability in
the kiln. Organic emissions in the main stack were believed
to be related to organic material in the raw meal (raw mate-
rial mix) and/or the coal combustion in the precalciner
forming PICs. A strong correlation between MCB and
the chlorine concentration was established; the MCB con-
centration increased with increasing input of chlorine when
benzene was present.

That MCB can be formed in the preheater was con-
firmed in another study, where tests on the preheater stack
measured a greater quantity of MCB coming out than
introduced into the preheater (Lamb et al., 1994). Also, a
strong correlation between the emissions of MCB and the
input chlorine was observed experimentally, concluding
that MCB was formed in the preheater as a result of sur-
face-catalyzed chlorination of organic compounds.

Eduljee (1998) postulated that both chlorobenzenes and
chlorophenols can be formed as PICs within the preheater,
but due to oxygen concentration, chlorobenzenes may be
formed in preference to chlorophenols. A reaction pathway
dominated by chlorobenzenes would tend to favour the
higher chlorinated congeners of PCDDs at the expense of
the lower chlorinated congeners, and hence lower the I-
TEQ value of the emission sample relative to a reaction
in which chlorophenols dominated (Eduljee, 1998). How-
ever, Abad et al. (2004) found that the major contribution
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to total TEQ came from the lower chlorinated congeners of
PCDFs, especially 2,3,7,8-tetrachlorodibenzofuran and
2,3,4,7,8-pentachlorodibenzofuran.

4.2. Feeding of hazardous waste

Krogbeumker (1994) compared the emissions with the
burning of coal only and the use of substitute fuels like sol-
vents with varying amounts of chlorine. The tests resulted
in an increase in PCDD/PCDF emissions, from a low base
of 0.002–0.006 ng TEQ/m3 to 0.05 ng I-TEQ/m3 for chlori-
nated solvents, and to 0.08 ng I-TEQ/m3 in the case of used
tyres.

PCDD/PCDF emissions data are available for most
hazardous waste burning cement kilns in the US. The US
EPA has during the last 25 years published extensive sets
of data from testing of cement kilns; approximately 750
measurements can be found in various databases (Federal
Register, 1999, 2000, 2002a,b). The results range from
0.004 to approximately 50 ng TEQ/m3 and are highly var-
iable among different kilns and in some multiple tests on a
single kiln; the US EPA states that the confidence to many
of the results is low (Chadbourne, 1997; EPA, 2000; HWC
MACT Data Base NODA Documents, 2002).

Emissions testing of US cement kilns in the 1980s and
1990s often showed that cement kilns co-processing haz-
ardous waste as a co-fuel had much higher PCDD/PCDF
emissions than kilns co-processing non-hazardous wastes
or using fossil fuel only. One reason for this difference
can be attributed to the fact that cement kilns burning haz-
ardous waste were normally tested under ‘‘worst’’ scenario
test burn conditions to identify the outer control limits,
while cement kilns burning non-hazardous waste or fossil
fuel only were tested under normal operating conditions,
no ‘‘worst’’ scenario conditions, making a comparison dif-
ficult. Worst case conditions often implied testing with high
temperature in the APCD, conditions known today to
increase the risk for higher emissions of PCDD/PCDF.
Another reason is that the dominating technology at that
time was long wet and long dry kilns, often without exit
gas coolers.

The Thai Pollution Control Department and UNEP
carried out a joint emission inventory of Thai industry
and among the facilities selected for sampling was a dry
process cement plant with two kilns tested, with and with-
out co-processing of liquid hazardous waste and/or tyres
(UNEP/IOMC, 2001). PCDD/PCDF measurements were
performed at both kilns under baseline operation at full
load when fuelled with a blend of lignite and petroleum
coke as primary and secondary fuel, and with waste tyres
or liquid hazardous waste (waste oils and contaminated
solvents) to replace a certain percentage of the secondary
fuel at the precalciner. The concentrations measured were
all below 0.02 ng I-TEQ/m3 and as low as 0.0001 ng I-
TEQ/m3; the means were 0.0105 ng I-TEQ/m3 and
0.0008 ng I-TEQ/m3 for the baseline operation conditions
and 0.003 ng I-TEQ/m3 and 0.0002 ng I-TEQ/m3 for the
test performed with substitute fuels, respectively. The
report concluded that ‘‘2,3,7,8-Cl4DD was not detected in
any of the samples and results clearly revealed that the
addition of tyres and/or liquid hazardous waste had no
effect on the emission results’’.

A Heidelberg cement kiln in the South of Norway
(3500 ton clinker/day) has been fired with a mix of coal,
liquid and solid hazardous wastes, refuses derived fuel, pet-
coke and used oil, accounting for approximately 40% of the
heat input, for the last 15 years (Haegermann, 2004).
Annual PCDD/PCDF measurements have been performed
since 1992 and the concentration has varied between 0.025
and 0.13 ng N-TEQ/m3 at 10% O2. Studies have not been
able to establish any influences on the PCDD/PCDF
emissions.

Holcim Colombia (Herrera, 2003) carried out a test
burn with 900 tons of POPs contaminated soil (DDT,
aldrin, dieldrin and pentachlorbenzene) fed to the kiln inlet
of a 58 m long five-stage preheater kiln with a clinker pro-
duction capacity of 3350 ton/day (fired with bituminous
coal). The three PCDD/PCDF measurements performed
during the test burn, including one blank measurement
under baseline operation ranged 0.00023–0.0031 ng I-
TEQ/Nm3 at 10% O2 and showed no influence of the POPs
feeding.

A test burn with used industrial solvents was carried out
in Egypt (Farag, 2003). A baseline test was carried out
before and after the test burn and all three results showed
a PCDD/PCDF concentration less than 0.001 ng TEQ/m3.

A test burn with and without a mix of two expired toxic
chlorinated and fluorinated insecticide compounds
(Fenobucarb and Fipronil) introduced at a rate of 2 tons/
h through the main burner was carried out in a pre-
heater/precalciner cement kiln in Vietnam (Karstensen
et al., 2006). The test burn showed destruction efficiency
better than 99.999997% and 99.999985% for Fenobucarb
and Fipronil, respectively, and the PCDD/PCDF results
for both days were below the detection limit for all the
17 PCDD/PCDF congeners. HCB was also below the
detection limit (<31 ng/m3 and <35 ng/m3) for the baseline
and the test burn, respectively. None of the non-ortho and
mono-ortho PCB congeners could be quantified.

4.3. Feeding of non-hazardous wastes

Kuhlmann et al. (1996) reported approximately 160
emission measurements at German cement kilns in the per-
iod 1989–1996 and covered 16 different dry preheater kilns,
i.e. suspension preheater kilns and Lepol kilns, all equipped
with electrostatic precipitators. Gas temperatures in the
ESP typically ranged from 95 �C to 205 �C (suspension pre-
heater kiln) and 120 �C to 150 �C (Lepol kilns). Secondary
fuels such as used oil, bleaching earth, used car tyres or
waste-derived fuels were used in some kilns and secondary
raw material substitutes like, e.g., fly ash, or contaminated
sand were used in others. The average concentration was
about 0.02 ng I-TEQ/m3 at 10% O2. No significant differ-
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ence in emissions from the type of fuel being used or any
temperature correlation with the PCDD/PCDF concentra-
tion in stack could be established. Examinations also
showed that the oxygen content as well as the dust concen-
tration in stack did not correlate with the reported emission
concentrations. The general level of substitution of fossil
fuel and raw materials with AFR increased in German
cement kilns from 23% in 1999 to nearly 35% in 2002 but
no effects have been observed on the PCDD/PCDF emis-
sions. In another study, 106 PCDD/PCDF measurements
of 37 kilns showed that all values were below 0.065 ng I-
TEQ/m3 (10% O2), and in seven cases no PCDD/PCDF
was detected (VDZ, 2002).

Environment Australia (2002) has measured a range of
Australian cement plants representing different operating
and process conditions, different fuel sources and different
raw materials. Both wet and dry process kilns have been
investigated, as plants using gas and coal as primary fuels
sources as well as plants using waste-derived fuels. No sig-
nificant difference in PCDD/PCDF emissions due to use of
waste-derived fuels have been observed within plants.
Results of repeated measurements over a decade showed
that levels of PCDD/PCDF emissions from Australian
cement manufacturing have consistently been below
0.1 ng I-TEQ/m3. Fifty-five measurements showed the
range 0.001–0.07 ng I-TEQ/m3, with subsequent emissions
factors covering the range 0.0032–0.216 lg I-TEQ/ton
cement.

The Japanese cement industry utilizes a broad range of
alternative fuels and raw materials (AFR) in their cement
production and approximately 78 million tons of clinker
was produced in 62 dry suspension preheater kilns in Japan
in 2003. 54 measurements performed in 2000 showed that
all kilns were below 0.0941 ng TEQ/m3; 53 measurements
performed in 2001 showed that all kilns were below
0.126 ng TEQ/m3 and 57 measurements performed in
2002 showed that all kilns were below 0.096 ng I-TEQ/
m3; all measurements corrected to 10% O2 (Japan Ministry
of Environment, 2003).

In the first phase of the Spanish PCDD/PCDF inven-
tory, 20 cement kilns (18 dry and 2 wet processes) were
measured for PCDD/PCDF emissions under baseline oper-
ating conditions (Fabrellas et al., 2002). The mean emission
value was 0.00695 ng I-TEQ/m3 and the mean emission
factor 0.014464 lg I-TEQ/ton cement. In the period
2000–2003 samples from 41 kilns were collected, represent-
ing 69.5% of the industry and 40.2 million ton cement.
Fifty-eight samples were taken when using conventional
fuels and 31 when alternative fuels were used. No evidence
of higher PCDD/PCDF emissions when using alternative
fuels could be found (Fabrellas et al., 2004).

Heidelberg cement (Haegermann, 2004) made a compar-
ison between kilns using a high substitution rate of alterna-
tive fuels and kilns using fossil fuel only. Nine plants with a
substitution rate of minimum 40% showed an average
value of 0.007 ng TEQ/m3 (minimum 0.001 ng TEQ/m3,
maximum 0.016 ng TEQ/m3) while the average of eight
kilns using fossil fuel only was 0.016 ng TEQ/m3 (minimum
0.002 ng TEQ/m3, maximum 0.031 ng TEQ/m3). Five mea-
surements from two German preheater kilns feeding a mix
of coal and plastics to the main burner and tyres to the kiln
inlet showed concentrations from <0.0021 ng TEQ/m3 up
to 0.0057 ng TEQ/m3 (Haegermann, 2004). Measurements
from five European dry kilns using waste fuel (3 ton/h)
and/or tyres (1.7–3 ton/h) done in 2003 varied between
0.001 and 0.062 ng I-TEQ/Nm3, with an average of
0.011 ng I-TEQ/m3 at 10% O2. The subsequent emission
factors varied between 0.002–0.025 lg TEQ/ton clinker
(Haegermann, 2004).

The effect of increasing the total thermal substitution
rates with different alternative fuel and raw materials on
the emissions of PCDD/PCDF, PCB and HCB was inves-
tigated in one suspension preheater/precalciner kiln by
Holcim (Lang, 2004). The total thermal substitution rate
increased from 23% in 1997 up to 60% in 2003 and covered
solvents, animal meal, bleaching earth, rubber, waste oil,
paper and film plastics, fly ash and waste wood; the ther-
mal substitution rate to the precalciner increased in the
same period from approximately 14% up to near 50%
and the thermal substitution rate to the main burner
remained more or less stable around 10%. All measure-
ments (N = 8) were unaffected by the increased substitution
and showed that all PCDD/PCDF measurements were
<0.004 ng I-TEQ/m3, PCB < 4 lg/m3 and HCB < 4 ng/m3.

Holcim Chile (Jensen, 2004) reported measurements of a
kiln fed with 25% petcoke and 75% coal showing a concen-
tration of 0.0059 and 0.0194 ng I-TEQ/m3; one measure-
ment was done with coal only, showing 0.0100 ng I-TEQ/
m3, and two measurements done when introducing liquid
alternative fuel: one with 20% liquid alternative fuel, 6%
tyres, 18.5% petcoke and 55.5% coal showed a PCDD/
PCDF concentration of 0.0036 ng I-TEQ/m3; another test
with 12% liquid alternative fuel and 88% coal showed a
PCDD/PCDF concentration of 0.0030 ng I-TEQ/m3; all
corrected to 10% O2.

Five dry preheater cement kilns were measured for
PCDD/PCDF in the Philippines showing a concentration
of 0.0073, 0.0093, 0.0059, 0.013 and 0.011 ng I-TEQ/m3

at 10% O2 (Lang, 2004). A test burn with 1200 tons out-
of-spec dog food containing 1.28% of chlorine was carried
out in a 5500 ton clinker/day preheater/precalciner kiln
(80 m long and 5 m diameter) in the Philippines in 2004.
Three test runs were performed with sampling of PCDD/
PCDFs; one with coal only, one with 1750 kg/h and one
with 3500 kg/h dog food fed to the precalciner. All runs
were performed in compound mode and showed a concen-
tration of 0.00038, 0.0012 and 0.0013 ng I-TEQ/m3 at 10%
O2, respectively (Schimpf, 2005).

Abad et al. (2004) investigated the influence of feeding
waste materials to three Spanish dry preheater/precalciner
kilns. The alternative fuels were fed to the preheater/precal-
ciner at a rate of 4.8–14% of the heat input and consisted of
meat meal and used tyres. The emission of PCDD/PCDFs
ranged from 0.001 to 0.042 ng I-TEQ/m3 and the authors
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concluded that the levels were similar to those emitted dur-
ing the use of conventional fuel.

Capmas (2003) did 40 PCDD/PCDF measurements
from cement plants using meat meal as a secondary fuel
in France and compared with measurements from 22 plants
using fossil fuel only; no differences could be established.
Conesa et al. (2006) investigated the emissions of acid
gases, heavy metals, PCDD/PCDF, PAHs and VOCs when
feeding various amounts of sewage sludge and tyres. The
Table 1
Feeding of alternative fuels to the kiln inlet/precalciner in Lafarge kilns
and influence on PCDD/PCDF emissions (single or mean value) (Reiterer,
2004)

Type of alternative fuel ng I-TEQ/m3 N

Animal meal, plastics and textile 0.0025 4
Animal meal and impregnated saw dust 0.0033 4
Coal, plastic and tyres 0.0021, 0.0041 2
Tyres 0.002, 0.006 2
Petcoke, plastic and waste oil 0.001 1
Petcoke, sunflower shells and waste oil 0.012 1
Tyre chips 0.004, 0.021 2
Solvents 0.07 1
Impregnated saw dust and solvents 0.00003, 0.00145 2
Solvents 0.00029, 0.00057 2
Sludge’s <0.011 1
Car waste 0.0036, 0.07, 0.0032 3
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authors could not identify any influence of any of the emis-
sions, which were all in compliance with EU and Spanish
regulation.

Lafarge investigated the effect on PCDD/PCDF emis-
sions of feeding different alternative fuels to the kiln
inlet/precalciner (Table 1); feeding rates were not available
(Reiterer, 2004).

The European Cement Association reported 230
PCDD/PCDF measurements (some of these data may be
included in other reports in this article) from 110 cement
kilns and 11 countries in 2003 (van Loo, 2004). The coun-
tries covered by the survey were Belgium, Czech Republic,
Denmark, France, Germany, Hungary, Italy, Norway,
Spain, the Netherlands and United Kingdom; most coun-
tries practise co-processing of wastes. The measurements
showed that the average concentration was 0.017 ng I-
TEQ/m3 for all measurements. The lowest and highest con-
centrations measured were <0.001 and 0.163 ng I-TEQ/m3,
respectively. Overall, 98% of the 230 kilns had emission
concentrations below 0.1 ng TEQ/m3 and the majority of
the kilns emitted concentrations lower than 0.01 ng TEQ/
m3 (see Figs. 3 and 4).

Eight international cement companies reported more
than 500 recent PCDD/PCDF measurements (some of
these data was included in the previous overview) repre-
senting a large number of countries, a production of more
20 135 150 165 180 195 210 225 240
rements

1 European countries (van Loo, 2004).
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Table 2
Cement company emission measurements of PCDD/PCDF ng I-TEQ/m3

Cement company N Concentration range
(average)

Reference

Cemex 1999–2003 16 0.00049–0.024 Quiroga (2004)
Heidelberg 2001–

2004
>170 0.0003–0.44 (0.020) Haegermann

(2004)
Holcim 2001 71 0.0001–0.2395 (0.041) Lang (2004)
Holcim 2002 82 0.0001–0.292 (0.030) Lang (2004)
Holcim 2003 91 0.0003–0.169 (0.025) Lang (2004)
Lafarge 1996–2003 64 0.003–0.231 (0.0207) Reiterer (2004)
RMC 2000–2004 13 0.0014–0.0688 Evans (2004)
Siam 2003 4 0.0006–0.022 Siam Cement

(2004)
Taiheiyo 67 0.011 Izumi (2004)
Uniland 2 0.002–0.006 Latorre (2004)
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than 300 million tons of clinker, most production technol-
ogies and the use of wide variety of AFR. The concentra-
tion distribution showed that approximately 98% of the
measurements are below 0.1 ng TEQ/m3 (see Table 2).

Cimpor reported 14 PCDD/PCDF measurements done
in Portugal, Spain and South Africa in the period from
1997 to 2003; see Table 3 (Leitao, 2004).

4.4. PCDD/PCDFs in solid materials

One cement kiln study in the US concluded that ‘‘natu-
rally occurring PCDD/PCDF found in the raw materials
constitute a majority of all the PCDD/PCDF emitted from
the system’’ (Schreiber et al., 1995). Liske et al. (1996) con-
firmed the identification of PCDD/PCDFs in the raw mate-
rial feed.
Table 3
PCDD/PCDF measurements in Cimpor kilns (Leitao, 2004)

Country Plant Kiln Date ng I-TEQ/
m3

Productio

10% O2

Portugal Souselas 2 16.07.2001 0.0008 Dry kiln;

3 13.12.1997 0.0009 Dry kiln;

Alhandra 6 08.12.1997 0.0009 Dry kiln;

7 06.12.1997 0.0006 Dry kiln;

Spain Oural 2 31.05.2000 0.02 Dry kiln;
03.12.2002 0.0009
13.02.2003 0.00039
11.06.2003 0.039
26.11.2003 0.02

Toral de los
Vados

5 07.03.2002 0.00078 Dry kiln;

Cordoba 1 06.06.2001 0.0243 Dry kiln;
Niebla 1 2001 0.006 Semi-dry;

South
Africa

Simuma 1 11.07.2002 0.00053 Dry kiln;
0.001
Solid materials used and produced in the cement indus-
try were also analysed for PCDD/PCDFs in this study. The
main purpose was to confirm the possibility of having nat-
urally occurring PCDD/PCDFs in the raw meal feed, but
also to look into the general concentration levels of release
through products and dusts. Dusts are as much as possible
reintroduced back to the process, often together with the
raw material feed, and can potentially represent a source
of PCDD/PCDFs.

Dyke et al. (1997) estimated that approximately 30 kg of
CKD are produced per ton of clinker in long kilns; but this
will vary depending on plant specific factors. Since CKDs
are valuable ‘‘cement’’ materials, they are recycled and
reintroduced into the process to the highest degree possible.
However, sometimes CKDs must be removed from the
process due to high content of sodium and potassium
(Riney and Yonley, 1994). A range of concentrations of
PCDD/PCDFs has previously been reported in CKD;
0.001–30 ng TEQ/kg (Dyke et al., 1997) for UK kilns and
1–40 ng TEQ/kg for German kilns. US EPA characterized
a wide range of cement kiln dusts in a Report to Congress
(CKD, 1995). The average TEQ concentration in the CKD
from kilns burning hazardous waste was 35 ng I-TEQ/kg;
these results were influenced by a high concentration in
one sample (UNEP, 2005). For kilns that did not burn haz-
ardous waste, the average concentration in the CKD was
0.03 ng I-TEQ/kg. Sixty-four percent of the CKD was
recycled directly back into the kiln or raw feed system in
the US.

US EPA could not find organics, volatile and semi-vol-
atile compounds in CKD and PCDD/PCDF could not be
detected in any clinker samples (CKD, 1995). This was
however not the case in this study – PCDD/PCDFs could
n process/type of kiln Air pollution control system Gas

T

(�C)

cyclone preheater Electrostatic precipitator/bag
filter

117

separated SLC-D precalcinator Electrostatic precipitator/bag
filter

106

cyclone preheater Electrostatic precipitator/bag
filter

122

separated RSP precalcinator Bag filter 110

in line ILC-E precalcinator Electrostatic precipitator –
–
–
–
–

in line precalcinator Electrostatic precipitator –

in line ILC-E precalcinator Bag filter 90
lepol preheater Bag filter 117

cyclone preheater Electrostatic precipitator 113
114



Table 4
PCDD/PCDF in solid materials from the cement industry

Sample type N Average
concentration
ng I-TEQ/kg

Highest
concentration
ng I-TEQ/kg

Samples below
detection limit

Kiln raw
material
feed

11 1.4 7.1 1

Alternative
raw
material

10 0.99 3.3 1

CKD 90 6.7 96 5
Clinker 57 1.24 13 7
Cement 49 0.91 6.9 7
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be detected in all solid sample categories analysed. The kiln
feed samples comprised raw meal, pellets and slurry; alter-
native raw materials comprised sand, chalk and different
ashes. Samples of CKD, clinker and cement were also ana-
lysed, with CKD not surprisingly having the highest con-
centrations (Table 4).
4.5. Organics in the raw material (raw meal)

Field studies conducted at full-scale kilns have shown
that total organics/hydrocarbon emissions are not very
sensitive to the changes in combustion conditions (Tren-
holm and Hlustick, 1990; Dellinger et al., 1993). It has also
been shown that organics present in the raw materials (e.g.,
clay, shale, gypsum, etc.) are the major sources of organic
emissions from cement kilns. These hydrocarbons are vol-
atilized from the raw materials prior to entering the high
temperature regions of the kiln (Dellinger et al., 1993;
Schreiber and Strubberg, 1994).

The chlorination of these organics is a potential source
of PCDD/PCDF precursors, such as MCB. Bench-scale,
as well as full-scale tests by the industry has confirmed that
organics from raw materials play a significant role in
governing the production of PCDD/PCDFs (Sidhu and
Dellinger, 1995). Although the operating conditions neces-
sary for achieving high total organics emissions may vary
by facility, maximum volatile organic carbon levels are
likely to be achieved by some combination of high produc-
tion rate, high gas temperatures and low oxygen at the raw
material feed end of the kiln. Dellinger et al. (1993)
observed an inverse relationship between total hydrocar-
bons and stack oxygen concentrations and Schreiber and
Strubberg (1994) observed that raw-material-generated
hydrocarbons decrease as kiln oxygen increases. However,
raw material characteristics, i.e. the organic content are lar-
gely dictated by quarry location and are not easily
controlled.

Heating of eight raw meal samples from different pro-
cess points (before and after each cyclone, bag house,
grinding mill and silo) under inert helium atmosphere
showed that most of the organics were desorbed between
temperatures of 250–500 �C (Sidhu and Dellinger, 1995;
Sidhu et al., 2001). To speciate these organics, cement kiln
raw meal samples were desorbed under cement kiln pre-
heater zone conditions (4% O2, temperature range of 30–
500 �C) showing that cement kiln raw meal contains a wide
range organics including benzene, toluene, naphthalene,
alkanes, C14–C18 carboxylic acids, phthalates and their
derivatives and natural products like cholesterol (Saiz-
Jimenez, 1994; Schulten, 1995; Sidhu and Dellinger, 1995;
Sidhu et al., 2001).

Alcock et al. (1999) showed that TEQ concentrations in
stack emissions of a cement kiln collected within a few
hours of each other on the same day could, in some cases,
be very different. For example, the first sample collected
measured 4.2 ng and the second, collected 5 h later,
0.05 ng I-TEQ/m3. During the time period stack gas was
sampled the plant was running normally and spike recover-
ies of both samples were within the normal range. One pos-
sible explanation of this variability in emissions would be
unevenly distribution of raw material organics.

4.6. Chlorine

The input of chlorine in cement production needs to be
monitored and controlled carefully to be able to comply
with standard product quality criteria and to avoid process
related problems. The availability of chlorine does not
seem to be a limiting factor, i.e. there will be enough chlo-
rine in the raw materials or in the fossil fuels (Bragg et al.,
1991) to form PCDD/PCDFs under unfavourable
conditions.

It has been believed that the highly alkaline environment
in cement kilns scavenges available chlorine, making it
unavailable for chlorination of organic material (Eduljee,
1998). Data presented by Lanier from testing a full-scale
facility showed 97% acid gas capture by the alkali material,
and no effect on PCDD/PCDF emissions due to variations
in chlorine feed rate (Lanier et al., 1996). Equilibrium cal-
culations show on the other side that chlorine capture is
not effective at high temperatures and that HCl is con-
verted to Cl2, suggesting that even a highly basic chemical
species such as calcium hydroxide would not always be
expected to effectively control chlorinated hydrocarbon
formation (including PCDD/PCDFs) at temperatures
above 200 �C (Dellinger et al., 1993). Lamb et al. (1994)
confirmed the availability of chlorine and that this led to
increased production of MCB in the lower part of the
preheater.

Any chlorine in the fuel enters the preheater zone as HCl
and Cl2, eventually organic chlorides (Sidhu et al., 2001).
The HCl to Cl2 ratio seems to be important, as Cl2 is a
much superior chlorinating agent than HCl. Chlorine
may also be initially present in the raw meal or may be cap-
tured from the gas-phase by alkali reactions of the raw
meal (Sidhu et al., 2001). Chlorine can therefore be present
in the preheater zone as organic chlorides, HCl, Cl2, alkali
and alkaline earth chlorides, and transition metal chlorides
and the chlorination of hydrocarbons can be catalyzed by
the alkali metal oxides and hydroxides present in the feed
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material at the temperatures normally found in preheaters
(Eduljee, 1998). Consequently, higher temperatures and
oxygen concentration downward the preheater will increase
conversion rate of HCl to Cl2 by pushing the Deacon reac-
tion towards molecular chlorine, and hence potentially the
yield of PICs such as MCB (Dellinger et al., 1993). For
more on the role of chlorine in the formation of PCDD/
PCDFs see Griffin (1986), Stieglitz et al. (1989a), Gullett
et al. (1990), Bruce et al. (1991) and Gullett et al. (1992,
2000a,b).

4.7. Catalysts

Catalytic metals such as copper play an important role
in the formation of PCDD/PCDF but spiking wastes with
copper was not observed to affect PCDD/PCDF emission
rates during full-scale testing of a US cement kiln (Lanier
et al., 1996). Dudzinska et al. (1988) carried out a test in
a Polish cement kiln feeding 10% inorganic (containing
0.08% copper) and 10% organic hazardous waste without
copper. The authors claim that Polish cement plants are
mostly using coal with high sulphur content and that this
may have disturbed the formation of PCDD/PCDF. The
kiln was operated at 6% oxygen and the PCDD/PCDF
emissions were 0.0515 ng I-TEQ/Nm3 with coal only, and
0.0819 and 0.0698 ng I-TEQ/Nm3 when feeding inorganic
and organic waste, respectively.

4.8. Particulates

Schreiber et al. (1995) conducted a test with activated
carbon injection between the kiln inlet and the electrostatic
precipitator inlet on a cement kiln burning coal, liquid
waste fuel and solid waste fuel. A reduction in PCDD/
PCDF levels was anticipated, but the result gave a 100-fold
increase in the PCDD/PCDF level in the CKD, from 0.5 to
34 ng/kg, and no improvement in stack emissions (0.32 ng/
m3) and the authors concluded that ‘‘addition of activated
carbon as a control technology in cement kilns does not
reduce PCDD/PCDF emissions’’.

This test actually added to the particulate loading of the
ESP, which also was operated at a temperature of 270 �C,
and thereby increasing the available surface area for heter-
ogeneous surface-catalyzed reactions, as shown by the
increase of PCDD/PCDFs in the CKD and actually con-
firms the theories regarding PCDD/PCDF formation.
For a cement kiln to effectively utilize carbon injection,
the carbon injection system must be installed after the
APCD, along with a second APCD to collect the carbon
(Eduljee, 1998).

It has been suggested that capture and removal of par-
ticulate matter would result in a corresponding reduction
in PCDD/PCDF emissions (Eduljee, 1998). A number of
studies have however shown that the correlation between
PCDD/PCDF emissions and particulate emissions is not
necessarily observed in full-scale plant under all operating
conditions, owing to the conflicting influence of a number
of operating variables (Eduljee and Cains, 1996). When
operating temperatures are reduced, the PCDD/PCDF
present in the gas stream will adsorb onto the surface of
particulate matter and a combination of reduced tempera-
ture and improved particulate abatement may result in
lower PCDD/PCDF emissions. The data to support this
contention on cement kilns has yet to be systematically col-
lected, but it is instructive that within the EPA study
(1994), the kilns operating with fabric filters show both
lower particulate emissions and lower PCDD/PCDF emis-
sions than the kiln operating with ESP’s (Eduljee, 1998).
Whether this result is due to the lower operating tempera-
ture of the fabric filter relative to an ESP (therefore mini-
mising PCDD/PCDF formation within the pollution
control device) or due to increased adsorption onto and
removal of particulate matter within a fabric filter operat-
ing at a lower temperature than an ESP has not been elu-
cidated (Eduljee, 1998).

4.9. Temperature and operating conditions

The operating envelope of cement kilns is dictated lar-
gely by standard specifications for their final product and
these conditions are conducive to efficient organic destruc-
tion, which makes parameters related to the temperature of
the burning zone generally less relevant for cement kilns
than for incinerators. Although some cement kilns operate
at elevated carbon monoxide levels, these levels are not
necessarily indicative of poor combustion. The calcination
process releases large quantities of carbon dioxide, which
can subsequently decompose into carbon monoxide at the
extremely high temperatures in the kiln. In addition, car-
bon monoxide may be formed at the kiln gas exit end
where total hydrocarbons are volatilized from the raw
materials and are partially oxidized.

A study examining the influence of kiln design and oper-
ating conditions during the combustion of hazardous waste
was undertaken by US EPA (1994). Data from 23 separate
kilns (predominantly wet kilns with ESP pollution abate-
ment equipment, comprising 86 data points) was analysed
for correlations against various emissions and operational
parameters. No correlation could be established between
PCDD/PCDF emissions and the stack concentration of
HCl, total hydrocarbons, oxygen or particulates for the
same type of electrostatic precipitator. One positive corre-
lation identified both in US and German studies (Kuhl-
mann et al., 1996) was that between PCDD/PCDF
concentration and ESP/stack temperature, at high temper-
atures. This was confirmed by Schreiber (1993) which
tested a cement kiln with the ESP temperature between
255 �C and 400 �C; the PCDD/PCDF emissions were high-
est at 400 �C, and decreased 50-fold at 255 �C. Harris et al.
(1994) and Lanier et al. (1996) demonstrated that PCDD/
PCDF emissions from cement kilns increase exponentially
with increases in inlet temperatures to the air pollution
control device APCD within the PCDD/PCDF formation
window (250–450 �C).
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The US EPA suggested that PCDD/PCDFs from
cement kilns could be controlled through a combination
of low temperatures in the APCD, low carbon monoxide
and elevated oxygen. Attempts by cement manufacturers
to achieve the 0.20 ng TEQ/m3 limit proposed in 1996
clearly demonstrated that carbon monoxide and oxygen
levels are relatively unimportant and that reduced APCD
temperature gave mixed results (Chadbourne, 1997). A
number of wet kilns have however added flue gas quench-
ing to reduce inlet APCD temperature, and these additions
have reduced the US PCDD/PCDF emissions (EPA, 2000).
Even if this suggests that maximum inlet temperature to the
APCD system is a key control parameter related to PCDD/
PCDF emissions from wet cement kilns, low temperatures
do not necessarily guarantee low results. This indicates that
other parameters are important in combination with the
temperature and Chadbourne (1997) postulated that the
formation of PCDD/PCDFs is proportional to precursor
and/or organics concentration and time but exponential
with respect to the temperature.

4.10. Inhibitors

Sulphur in coal is believed to be the reason for low
PCDD/PCDF emissions from coal-fired power plants
(Raghunathan and Gullett, 1996; Gullett and Raghuna-
than, 1997). Researchers have concluded that sulphur
may interfere with PCDD/PCDF formation by SO2 deple-
tion of Cl2, and eventually by SO2 poisoning of copper cat-
alysts to prevent the synthesis of aromatic compounds or to
interfere with the Deacon reaction (Griffin, 1986; Gullett
et al., 1992, 2000b; Raghunathan and Gullett, 1996).

Sulphur is present in cement production both in the coal
and in the raw material. Schreiber et al. (1995) intentionally
added sulphur to a cement kiln to achieve PCDD/PCDF
control and reductions were documented when the stack
concentrations of SO2 increased from less than 20 ppm to
above 300 ppm. Schreiber (1993) also documented
PCDD/PCDF emissions reductions when Na2CO3 was
injected at the fuel feed end to react with chlorine in the
system. Since the alkali raw materials may provide some
control of acid gases, the S/Cl molar ratio in the stack
may be more relevant than the ratio in the feed. Other
potential PCDD/PCDF inhibitors, such as calcium, are
already being present in the raw materials.

4.11. Factors influencing formation of PCDD/PCDFs in
cement production – a summary

The very low emissions of PCDD/PCDFs from cement
kilns, regardless of the type of fuel used can generally be
attributed to the high temperatures and long residence
times within the kiln (Kreft, 1995; Karstensen, 2004).
We have seen evidence, especially from data of newer ori-
gin, that fuels and wastes fed through the burners are
properly destroyed, also hazardous wastes (Stobiecki
et al., 2003). Even if we cannot entirely exclude the possi-
bility of having PICs and precursors formed from these
two sources, they will normally be of minor importance
compared to organics in the raw material. Raw material
organics, seemingly to consist of mainly aromatic com-
pounds, will be volatilized in the preheater and partially
oxidized and/or pyrolyzed and made available in the gas
stream. There seems to be enough chlorine, in different
species and from various sources, which through the tem-
perature gradient in the preheater and the post-preheater
region will be available for surface-catalyzed reactions on
particulate surfaces. Additional chlorine feed, for example
through waste feeding, does not seem to be of major
importance. There are studies showing that monochloro-
benzenes are formed in the preheater, probably by the
chlorination of raw material organics, which again can
form potent precursors like chlorophenols and/or
PCDD/PCDFs directly.

The preheater region of a cement kiln is unique, with a
temperature gradient ranging from approximately 250–
850 �C, with high gas volumes and a gas retention time
up to 25 s, and abundance of particle surfaces makes it
ideal for heterogeneous surface-catalyzed reactions and
de novo synthesis (if the post-preheater region is included).
The lower parts of the preheater may even constitute a pos-
sible place for having homogeneous pure gas-phase forma-
tion of precursors and PCDD/PCDFs. We know for the
time being nothing about the possible role of wall deposits
or soot, but from other studies (Gullett et al., 2000c; Gran-
desso et al., 2006) it can be assumed to play a role also in
cement kiln APCDs.

Modern preheater/precalciner kilns seems to emit
slightly less PCDD/PCDF than wet-process cement kilns.
This may be attributed to two main differences between
the two: the inherent lower temperature of the APCD zone
in modern dry kilns and the absence of an in-line raw-mill-
dryer in wet kilns. The dominating operational mode, rep-
resenting the normal low emissions from modern preheater
kilns, is to duct the hot exit gas from the kiln and the pre-
heater through the raw-mill-dryer for heating the raw
materials, before it enters the APCD and the stack (called
compound mode). This mode of operation both reduces
the exit gas temperature and seems to absorb PCDD/
PCDF. When the raw-mill-dryer is shut off parts of the
time (direct mode), the exit gas is cooled with water, as
in wet kilns. The absorption seems however to be less effec-
tive in such a mode of operation, resulting in increased
emissions (authors experience). Such mode of operation
resemble wet kilns equipped with coolers and may, at least
partly, explain the seemingly higher emissions from wet
kilns; absorption on particles in the raw-mill-dryer is more
effective than in water coolers. In early days when wet kilns
ducted the exit gas directly from the kiln to the APCD
without cooling, the temperature would be in the range
of 200–400 �C in the APCD, making it an ideal place for
de novo synthesis.

Evidence from the US has shown that naturally occur-
ring PCDD/PCDFs in the raw materials can be emitted



K.H. Karstensen / Chemosphere 70 (2008) 543–560 555
from the system, probably through volatilization. This
study have identified and quantified two sources of input
materials containing PCDD/PCDFs; raw material kiln
feed and CKD (Karstensen, 2006a). Raw material kiln feed
may potentially contain two sources of PCDD/PCDFs,
naturally PCDD/PCDFs and adsorbed PCDD/PCDFs
from the raw-mill (when CKD are reintroduced back to
the process together with the raw meal). It is therefore
plausible that there is a region within the preheater and
the raw-mill-dryer where the PCDD/PCDFs, from any ori-
gin, are circulating between gaseous and particle adsorbed
phases; once they are adsorbed onto particles in the cooler
parts, the material flow is moving downwards to higher
temperatures, where they again will be volatilized and rein-
troduced to the hot exit gas from the kiln.

A circulation of PCDD/PCDFs may interact with, and
may even be controlled by the known circulation of alkali
chlorides and sulphates in the upper parts of the kiln zone
and in lower parts of the preheater. Such circulation may
exhibit an inhibition effect due to equilibrium reactions
between chlorine and sulphur; sulphur is present in both coal
and raw material and the alkali materials are in abundance.
We know from other studies that sulphur and the presence of
alkaline materials has been shown to decrease PCDD/
PCDF emissions (Schreiber et al., 1995), and a reverse corre-
lation between the concentration of SO2 and the concentra-
tion of PCDD/PCDF in the flue gas may be expected.

The net formation and release of PCDD/PCDFs in
cement production may therefore be due to a complex
combination of simultaneous formation and decomposi-
tion reactions:

• destruction of PCDD/PCDFs in the kiln region;
• formation of PICs and chlorinated organics in the pre-

heater, basically from raw material organics;
• gas-phase formation reactions between precursors in the

lower part of the preheater can form PCDD/PCDFs
directly;

• heterogeneous surface-catalyzed formation of precur-
sors and PCDD/PCDFs in the preheater;

• an adsorption–desorption circulation process of natu-
rally and adsorbed PCDD/PCDFs in the preheater
and the raw-mill-dryer;

• interaction with equilibrium reactions and circulation of
chlorine, sulphur and alkali materials in the upper parts
of the kiln zone and lower parts of the preheater may
lead to inhibition;

• de novo synthesis and formation of PCDD/PCDFs in
the APCD and the post-preheater zone.

The detailed understanding how PCDD/PCDFs are
formed in cement production is not yet complete, but it
seems that a combination of heterogeneous surface-cata-
lyzed reactions and de novo synthesis in the preheater
and the post-preheater zones are the most important. A
comprehensive mass balance study would be needed to
reveal this hypothesis.
4.12. Controlling emissions of PCDD/PCDFs

For new cement kilns and major upgrades the BAT for
the production of cement clinker is dry process kiln with
multi-stage preheating and precalcination. A smooth and
stable kiln process, operating close to the process parameter
set points is beneficial for all kiln emissions as well as the
energy use (UNEP, 2007). PCDD/PCDF control in cement
production becomes a simultaneous effort to reduce the pre-
cursor/organic concentrations, preferably by finding a com-
bination of optimum production rate and optimum gas
temperatures and oxygen level at the raw material feed
end of the kiln, and the reducing the APCD temperature.
Feeding of alternative raw materials as part of raw-mate-
rial-mix should be avoided if it includes elevated concentra-
tions of organics and no alternative fuels should be fed
during start-up and shut down. The most important mea-
sure to avoid PCDD/PCDF formation in wet kilns seems
to be quick cooling of the kiln exhaust gases to lower than
200 �C. Modern preheater and precalciner kilns have this
feature already inherent in the process design and have
APCD temperatures less than 150 �C. Operating practices
such as minimising the build-up particulate matter on sur-
faces can assist in maintaining low PCDD/PCDF emissions.

5. Emission inventories and release contribution of the

cement industry

Emission inventories and release contribution estimates
for the cement industry are usually based on two types of
information, earlier literature data or real measurements,
providing considerably different results.

Early inventories usually assigned high emission factors
based on the literature data, especially to hazardous waste
burning kilns. Brzuzy and Hites (1996) estimated the total
global annual emission of PCDD/PCDF to air to be
3000 ± 600 kg. The cement industry burning and not burn-
ing hazardous waste was assigned an emission factor of up
to 4160 lg/ton cement and 320 lg/ton cement, respectively.
UNEP assigned in 1999 an emission factor of 2600 lg TEQ/
ton and 200 lg TEQ/ton for hazardous waste burning and
non-hazardous waste burning cement kilns, respectively
(1999). Other examples can be found from Italy (Caserini
and Monguzzi, 2002), Russia (Kucherenko et al., 2001a,b)
and Taiwan (Chen, 2004). These emissions factors lead to
cement industry contribution estimates ranging from 5%,
and up to a worst case scenario estimate of 59% of total emis-
sions by Brzuzy and Hites (1996).

The most recent inventories do not longer differentiate if
the kiln uses hazardous or non-hazardous waste. The UNEP
Standardized Toolkit for Identification and Quantification
of Dioxin and Furan Releases (UNEP, 2005) has suggested
three classes of default emission factors for cement produc-
tion, differentiating between kiln type and the APCD tem-
perature only. An emission factor of 5 lg TEQ/ton is
assigned to vertical shaft kilns and wet kilns with APCD
temperature over 300 �C; 0.6 lg TEQ/ton is assigned to
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wet kilns with APCD temperature between 200 �C and
300 �C, and 0.05 lg TEQ/ton is assigned to all dry kilns
and wet kilns where dust collector temperatures is held
below 200 �C. The European PCDD/PCDF inventory was
based on a flat emission factor of 0.15 lg TEQ/ton cement,
not differentiating between kiln technologies or temperature
in the APCD (Quaß et al., 2004).

More recent inventories are usually based on real mea-
surements, resulting in significantly lower emission factors
and a release contribution estimates, constituting from
about 0.5% or less of total emissions. Fabrellas et al.
(2002, 2004) used 0.014464 lg I-TEQ/ton cement in the
Spanish inventory; 0.2 lg TEQ/ton were used for the
Newly Independent States and the Baltic countries (Kaka-
reka, 2002; Kakareka and Kukharchyk, 2002); 0.025–
1.2 lg I-TEQ/ton cement was used in the UK, covering
also wet kilns burning a mix of fossil and waste-derived fuel
(Eduljee and Dyke, 1996; Eduljee, 1998; Alcock et al.,
1999). In the absence of real measurements, the Environ-
mental Protection Department Hong Kong (2000) assumed
an exit gas concentration of 0.1 ng I-TEQ/m3, a flow rate
of 7000 m3/min and an operation of 7680 h of per year
for their cement plant, leading to a contribution estimate
of 0.96–1.39% of total emissions.

The latest and most comprehensive investigations illus-
trate the gap between earlier literature data and real
measurements. The average PCDD/PCDF flue gas concen-
tration in European kilns is approximately 0.02 ng TEQ/
m3, representing hundreds of recent measurements. Assum-
ing an average exhaust-gas volume of 2300 Nm3/ton clin-
ker (IPPC, 2001) and a clinker/cement ratio of 0.8 would
give an emission factor of 0.037 lg TEQ/ton cement. The
worldwide measurements performed by Holcim showed
an average emission factor of 0.104 lg TEQ, 0.073 lg
TEQ and 0.058 lg TEQ/ton clinker, representing a clinker
production of 35.1, 46.7 and 57.6 million ton, respectively
(Lang, 2004). Taiheiyo cement measured the emission fac-
tor to be 0.03 lg TEQ/ton, representing 23.6 million tons
of cement in 2001 (Izumi, 2004).

6. Discussion

Many articles used in this study have gaps in the
reported information which makes it difficult to evaluate
the accuracy and the precision of the data, but also to
establish relationships and influences of process conditions.
Most reports does not specify fuel, waste or raw material
composition, or process conditions, making a systematic
and detailed evaluation of the main influencing parameters
difficult. Often there is no information of which toxic
equivalency factor (TEF) system have been used, or if
and eventually how, the referred data has been corrected
to normal conditions and oxygen concentration. Generally
higher confidence can be given measurements from actual
plants than to the literature data from surveys using emis-
sion factors only; measurements from actual plants repre-
sent local conditions. However, it have not always been
possible to verify the quality and completeness of the
received data as some cement companies have submitted
complete laboratory reports, others figures only (Karsten-
sen, 2006a).

Information about sampling methodology, spiking recov-
eries and detection limits are often missing or inadequately
reported. Before the first European Standard appeared in
1996 (EN 1948, 1996) different methodologies were used
for sampling, extraction, clean-up, identification and quanti-
fication. It is reasonable to expect that data published before
mid-1990s are less reliable compared to recent data due to
absence of standard procedures and sophisticated analysis
technology, especially high resolution gas chromatography
mass spectrometry. Since no reference materials are avail-
able for PCDD/PCDFs in exhaust gases, the accuracy of
the sampling method is not possible to determine, only the
external and internal variability can be evaluated. The
uncertainty for the complete procedure is estimated to be
30–35% and the external variability is estimated to be
±0.05 ng I-TEQ/m3 at a mean concentration 0.035 ng I-
TEQ/m3; see EN, 1948 – 3 February 2004. Taking into
account the toxic equivalent factors for the individual cong-
eners, the resulting overall detection limits varies between
0.001 and 0.004 ng I-TEQ/m3 implying that concentrations
lower than 0.001 ng I-TEQ/m3 should be considered as
being below the detection limit, but figures lower than this
are frequently reported (Environment Canada, 1999). Also,
interferences should be expected to occur from compounds
that have similar chemical and physical properties to
PCDD/PCDFs. All these factors suggests need for caution
when using few results or results from early studies to pro-
vide emissions factors for the whole industry sector.

This becomes evident when early emission factors
referred to in this article are considered, varying from the
high 4160 lg TEQ/ton cement (Brzuzy and Hites, 1996)
to the low 0.0003 lg TEQ/ton representing actual measure-
ments from a cement kiln in Thailand co-processing haz-
ardous wastes (UNEP/IOMC, 2001) – a factor of almost
14 million times difference. Assuming an average exhaust-
gas volume of 2300 Nm3/ton clinker, an emission factor
of 4160 lg TEQ/ton cement would be equivalent to an exit
gas concentration of >1800 ng TEQ/m3; the highest con-
centration found in the literature is 50 ng TEQ/m3 (Chad-
bourne, 1997).

The International POPs Elimination Network claim that
the PCDD/PCDF emissions in 2004 from a long dry kiln
in the UK reached 136 ng TEQ/m3 and averaged more
50 ng TEQ/m3 over the year with total emissions of more
than 40 g TEQ. The kiln, now closed, was operating with rel-
atively high temperatures in the electrostatic precipitator and
used raw material with high organic content together with
waste pulverised fuel ashes. This information cannot be con-
firmed in scientific literature, but is referred in UNEP (2007).

The contribution estimate made by Brzuzy and Hites
(1996) showed that the cement industry were supposed to
contribute with 1420 kg PCDD/PCDF/yr, or 59% of esti-
mated total global emissions as a worst case scenario. This
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calculation can be redone by using recent data, for example
from the UNEP Toolkit (UNEP, 2005). Assuming a global
cement production of approximately 2 billion tons and
using the highest emission factor of the Toolkit as the
worst case scenario, 5 lg TEQ/ton, would imply a contri-
bution from the cement industry of 10 kg/yr. A best sce-
nario estimate would be to use the lowest emission factor
of the Toolkit, 0.05 lg TEQ/ton, making the contribution
from the cement industry to be 100 g/yr.

A more reasonable contribution estimate would be to
assume that the eight international cement companies pre-
sented in Table 2, representing approximately 20% of the
total clinker production, is currently representative of the
global industry. More than 500 recent measurements from
around the world, representing all technologies and local
raw material conditions as well as feeding AFR, show an
average flue gas concentration of 0.021 ng I-TEQ/m3.
Assuming a global cement production of 2 billion ton/yr,
or 1.6 billion ton/yr of clinker and an exhaust-gas volume
of 2300 Nm3/ton clinker, the contribution from the cement
industry would constitute 77 g/yr. When compared with
the 1420 kg estimated by Brzuzy and Hites (1996) in their
worst case scenario, it becomes evident how unreliable
early emission factors are.

The slightly higher concentration of PCDD/PCDF
found in clinker than in cement when analysing the CSI
samples in 2005 was a surprise (see Table 4). Cement is
often mixed with CKDs and a higher PCDD/PCDF con-
centration was expected in cement than in clinker due to
normally higher concentrations in CKD, not the opposite.
The concentration in clinker was expected to be low;
because none has identified PCDD/PCDF in clinker earlier
(CKD, 1995; Federal Register, 1995) and because of the
high material temperatures inside the kiln (1450 �C). One
possible explanation could be that the clinker samples
had been contaminated through ambient air in the cooling
process. Thousands of cubic meter of ambient air are used
for cooling and investigations from 8 EU countries have
shown concentrations from 1 to 705 fg TEQ/m3 for urban
and rural air (Fiedler, 2003). A second possible explanation
could be contamination through adsorption of dust and
material residues in the cooler. Depositions from ambient
air have shown concentrations up to 464, 517 and
14800 pg TEQ/m2 for rural, urban and contaminated air,
respectively (Fiedler, 2003). A third possibility, which can-
not be ruled out for the time being, is possible contamina-
tion during the preparation for analysis. Clinker is hard
spheres which are difficult to crush and contamination dur-
ing sample preparation in the laboratory is not unlikely.

Comparing the concentration levels of solid materials
used in cement production (Table 4) with other known
materials may provide a perspective (Jones and Sewart,
1997; Sinkkonen and Paasivirta, 1998; Rappe et al., 1999,
2000; Santillo et al., 2001). US EPA have estimated the
mean PCDD/PCDF values for background urban and
rural soils to be 13.4 and 4.1 ng I-TEQ/kg, respectively
(Fiedler, 2003). Uncontaminated sediments within the EU
normally range from a few ng PCDD/PCDF TEQ/kg up
to 50 ng TEQ/kg dry matters. Sediment cores from 11
lakes/reservoirs located in various geographic locations
throughout the United States showed that the most
recently deposited sediments had concentration levels rang-
ing from 0.11 ng TEQ/kg to 15.6 ng TEQ/kg, with no
known PCDD/PCDF sources nearby (Fiedler, 2003).

7. Conclusion

More than 2000 PCDD/PCDF cement kiln measure-
ments have been evaluated in this study, representing most
production technologies and waste feeding scenarios. The
data generally indicates that most modern cement kilns
today can meet an emission level of 0.1 ng I-TEQ/m3 and
that proper and responsible use of organic hazardous and
other wastes to replace parts of the fossil fuel is not an
important factor influencing the formation of PCDD/
PCDFs. Many earlier emission factors and contribution
estimates shows a tendency of exaggerating the influence
of the use of hazardous waste on the emissions of
PCDD/PCDFs.

Modern preheater/precalciner kilns generally seems to
have lower emissions than older wet and long dry-process
cement kilns without preheating, but the main influencing
parameter stimulating formation of PCDD/PCDFs seems
to be the availability of organics/precursors in the raw
material and the temperature of the air pollution control
device. Feeding of materials containing elevated concentra-
tions of organics as part of raw-material-mix should there-
fore be avoided and the exhaust gases should be cooled
quickly in wet and long dry cement kilns. The detailed
understanding how PCDD/PCDFs are formed in cement
production is not yet complete, but it seems that a combi-
nation of heterogeneous surface-catalyzed reactions and de
novo synthesis in the preheater and the post-preheater
zones are the most important.

PCDD/PCDFs could be identified and quantified in all
raw materials, products and residues used and produced
in the industry, but the concentrations were generally
low, in the same magnitude as normal earth crust materi-
als, soil and sediments.

Acknowledgements

This project has been funded by the World Business
Council for Sustainable Development (WBCSD) and by
the Foundation for Scientific and Industrial Research
(SINTEF).

References

Abad, E., Martinez, K., Caixach, J., Rivera, J., 2004. Polychlorinated
dibenzo-p-PCDD/PCDF/polychlorinated dibenzofuran releases into
the atmosphere from the use of secondary fuels in cement kilns during
clinker formation. Environ. Sci. Technol. 38, 4734–4738.

Ahling, B., 1979. Destruction of chlorinated hydrocarbons in a cement
kiln. Environ. Sci. Technol. 13, 1377.



558 K.H. Karstensen / Chemosphere 70 (2008) 543–560
Alcock, R.E., Gemmill, R., Jones, K.C., 1999. Improvements to the UK
PCDD/PCDF and PCB atmospheric emission inventory following an
emissions measurement programme. Chemosphere 38 (4), 759.

Altwicker, E.R., Milligan, M.S., Marklund, S., Rappe, C., 1994. De novo
reactions to form PCDD/F and the role of chlorobenzenes. Organo-
halogen Compd. 20, 377–380.

Balbo, M., Francois, A., de Ladebat, H., Mosnier, F., 1998. Cement kiln
incineration – a viable waste management solution. International
Directory of Solid Waste Management. The ISWA Yearbook 1997.
ISBN 1-873936-73-5.

Basel Convention, 2007. General technical guidelines for the environmen-
tally sound management of wastes consisting of, containing or
contaminated with persistent organic pollutants (POPs). <http://
www.basel.int/techmatters/techguid/frsetmain.php?topicId=0>.

Benestad, C., 1989. Incineration of hazardous waste in cement kilns.
Waste Manage. Res. 7, 351.

Bragg, L.J., Finkelmann, R.B., Tewalt, S.J., 1991. Distribution of chlorine
in United States coal. In: Stringer, J., Banerejee, D.D. (Eds.), Chlorine
in Coal. Elsevier Science Publishers, Amsterdam.

Branscome, M., Westbrook, W., Mournighan, R., Bolstad, J., Chehaske,
J., 1985. Summary of testing at cement kilns co-firing hazardous waste.
In: Incineration and Treatment of Hazardous Waste: Proceedings of
the Eleventh Annual Research Symposium, EPA 600/9-85-028, p. 199.

Bruce, K.R., Beach, L.O., Gullett, B.K., 1991. Copper-based organic
catalysis in formation of PCDD/PCDF in municipal and hazardous
waste incineration. In: Presented at the 1991 Incineration Conference,
May. Knoxville, TN.

Brzuzy, L.P., Hites, R.A., 1996. Global mass balance for polychlorinated
dibenzo-p-dioxins and dibenzofurans. Environ. Sci. Technol. 30 (6),
1797–1804.

Buekens, A., Stieglitz, L., Hell, K., Huang, H., Segers, P., 2001. PCDD/
PCDF from thermal and metallurgical processes: recent studies for the
iron and steel industry. Chemosphere 42, 729–735.

Burton, D.J., 1989. Cement kiln test burns for hazardous waste inciner-
ation permits. In: Second International Symposium, Pacific Basin
Consortium for Hazardous Waste Research, April. Singapore.

Capmas, A., 2003. The French cement industry experience in the use of
waste fuels. In: Fifth Colloquium of Managers and Technicians of
Cement Plants, February, Sevilla.

Caserini, S., Monguzzi, A.M., 2002. PCDD/PCDFs emissions inventory in
the Lombardy Region: results and uncertainties. Chemosphere 48, 779.

Cembureau, 2004. Brussels. <http://www.cembureau.be/>.
Cement Kiln Recycling Coalition, 2002. CKRC, 1225 I Street N.W., Suite

300, Washington, DC. <http://www.ckrc.org>.
Chadbourne, J.F., 1997. Cement kilns. In: Freeman, H.M. (Ed.), Standard

Handbook of Hazardous Waste Treatment and Disposal. McGraw-
Hill, ISBN 0-07-022044-1.

Chadbourne, J.F., Helmstetter, A.J., 1983. Burning hazardous waste in
cement kilns. In: 76th Annual Meeting of the Air Pollution Control
Association, 19–24 June, Atlanta.

Chen, C.M., 2004. The emission inventory of PCDD/PCDF in Taiwan.
Chemosphere 54, 1413–1420.

CKD, 1995. Regulatory Determination on Cement Kiln Dust; Final Rule.
40 CFR Part 261. Federal Register, Vol. 60, No. 25, February 7.

Conesa, J.A., Mateos, F., Gálvez, A., Martı́n-Gullón, I., Font, R., 2006.
Emissions from cement kiln stack feeding alternative fuels. In:
Proceedings of DIOXIN’2006, 20–25 August, Oslo.

Council Directive, 2000. Council Directive 2000/76/EC on the Incinera-
tion of Waste. Official Journal of the European Communities, Brussels,
Official Journal L332, 28/12/2000.

Dellinger, H.B., Pershing, D.W., Sarofim, A.F., 1993. Evaluation of the
Origin, Emissions and Control of Organic and Metal Compounds
from Cement Kilns Co-Fired with Hazardous Wastes. A Report of the
Scientific Advisory Board on Cement Kiln Recycling, June 8.

Dempsey, C.R., Oppelt, E.T., 1993. Incineration of hazardous waste: a
critical review update. Air Waste 43, 25–73.

Dickson, L.C., Karasek, F.W., 1987. Mechanism of formation of
polychlorinated dibenzo-p-PCDD/PCDF produced on municipal
fly ash from reactions of chlorinated phenols. J. Chromatogr. 389,
127.

Dickson, L.C., Lenoir, D., Hutzinger, O., 1992. Quantitative comparison
of de novo and precursor formation of polychlorinated dibenzo-p-
PCDD/PCDF under simulated municipal solid waste incinerator
postcombustion conditions. Environ. Sci. Technol. 26, 1822.

Duda, W.H., 1985. Cement Data Book. Bauverlag Gmbh, Berlin.
Dudzinska, M.R., Kozak, Z., Pawlowski, L., 1988. An attempt to estimate

the PCDF/PCDD emissions from waste incinerated in cement kilns.
Environ. Sci. Res. 55, 173.

Dyke, P.H., Wenborn, M.J., Coleman, P.J., Woodfield, M.J., Rose, C.L.,
1997. A Review of PCDD/PCDF Releases to Land and Water in the
UK. Environment Agency, R&D Publication 3, Environment Agency,
UK.

Eduljee, G.H., 1998. PCDD/PCDF formation and control in cement kilns.
In: Fourth International Conference on High Temperature Filtration.
Austria, 1998.

Eduljee, G.H., Cains, P., 1996. Control of PCDD and PCDF emissions
from waste combustors. Issues Environ. Sci. Technol. 6, 155–179.

Eduljee, G.H., Dyke, P., 1996. An updated inventory of potential PCDD
and PCDF emission sources in the UK. Sci. Total Environ. 177, 303.

EN 1948, 1996. Stationary source emissions – determination of the mass
concentration of PCDDs/PCDFs – Part 1: sampling and Part 2:
extraction and clean-up and Part 3: identification and quantification.
<http://www.vdi.de/>.

Environment Agency, 2001. Integrated Pollution Prevention and Control
– Guidance for the Cement and Lime sector. Environment Agency,
SEPA and Environment and Heritage Service, Bristol, UK, April 2001.

Environment Australia, 2002. Sources of PCDD/PCDF and Furans in
Australia – Air emissions – Revised edition. Environment Australia,
Chemicals and environment branch, GPO Box 787, Canberra ACT
2601, Australia, May.

Environment Canada, 1999. Level of Quantification Determination:
PCDD/PCDF and Hexachlorobenzene. Analysis and Air Quality
Division, Environmental Technology Centre, November.

Environmental Protection Department Hong Kong, 2000. An Assessment
of PCDD/PCDF Emissions in Hong Kong. Reference C1998, March.

EPA, 1994. Combustion Emissions Technical Resource Document.
EPA53O-R-94-014, May.

EPA, 2000. Exposure and Human Health Reassessment of 2,3,7,8-
Tetrachlorodibenzo-p-PCDD/PCDF (TCDD) and Related
Compounds. Part I: Estimating Exposure to PCDD/PCDF-like
Compounds. Vol. 2: Sources of PCDD/PCDF-like Compounds in
the United States. EPA/600/P-00/001Bb, September.

Evans, D., 2004. Data from RMC. RMC House, Coldharbour Lane,
Thorpe Surrey TW20 8TD, United Kingdom.

Everaert, K., Baeyens, J., 2002. The formation and emission of PCDD/
PCDF in large scale thermal processes. Chemosphere 46, 439–448.

Fabrellas, B., Ruiz, M.L., Abad, E., Rivera, J., Sanz, P., 2002. First
evaluation of PCDD/PCDFs releases to the atmosphere from the
manufacture of cement in Spain. Organohalogen Compd. 56, 139.

Fabrellas, B., Larrazaba, D., Martinez, A., Sanz, P., Ruiz, M.L., Abad,
E., Rivera, J., 2004. Global assessment of PCDD/PCDF emissions
from the Spanish cement sector. Effect of conventional/alternative
fuels. Organohalogen Compd. 66.

Farag, M., 2003. Emission Testing. Egypt Cement Company, personal
communication.

Federal Register, 1995. Regulatory Determination on Cement Kiln Dust –
Final Rule. Part IV, 40 CFR Part 261, February 7, pp. 7366–7377.

Federal Register, 1999. National Emissions Standards for Hazardous Air
Pollutants – US EPA – Final Rule. Part II, 40 CFR Part 60, September
30, pp. 52827–53077.

Federal Register, 2000. National Emissions Standards for Hazardous Air
Pollutants – US EPA – CFR Promulgated Test Methods (TM). Vol.
65, No. 201, October 17.

Federal Register, 2002a. National Emissions Standards for Hazardous Air
Pollutants – US EPA – Interim Standards Rule. Part II, 40 CFR Part
63 et al., February 13, p. 6792.

http://www.basel.int/techmatters/techguid/frsetmain.php?topicId=0
http://www.basel.int/techmatters/techguid/frsetmain.php?topicId=0
http://www.cembureau.be/
http://www.ckrc.org
http://www.vdi.de/


K.H. Karstensen / Chemosphere 70 (2008) 543–560 559
Federal Register, 2002b. National Emissions Standards for Hazardous Air
Pollutants – US EPA – Final Rule. Part II, 40 CFR Parts 63, 266, and
270, February 14, p. 6968.

Fiedler, H., 2003. The Handbook of Environmental Chemistry. In:
Persistent Organic Pollutants, vol. 3. Springer-Verlag, Berlin,
Heidelberg.

Garg, 1990. Emissions testing of a wet cement kiln at Hannibal Missouri.
EPA 530/SW-91-017, US EPA, Washington, DC.

Grandesso, E., Ryan, S., Gullett, B., Touati, A., Tabor, D., 2006. Effect of
soot, temperature, and residence time on PCDD/F formation. In:
DIOXIN’2006. Oslo, 20–25 August 2006.

Griffin, R.D., 1986. A new theory of PCDD/PCDF formation in
municipal solid waste combustion. Chemosphere 15, 1987.

Gullett, B.K., Lemieux, P.M., 1994. Role of combustion and sorbent
parameters in prevention of polychlorinated dibenzo-p-PCDD/PCDF
and polychlorinated dibenzofuran formation during waste combus-
tion. Environ. Sci. Technol. 28, 107.

Gullett, B.K., Raghunathan, K., 1997. Observations on the effect of
process parameters on PCDD/PCDF and furan yield in municipal
waste and coal systems. Chemosphere 34, 1027.

Gullett, B.K., Bruce, K.R., Beach, L.O., 1990. Formation of chlorinated
organics during solid waste combustion. Waste Manage. Res. 8, 203.

Gullett, B.K., Bruce, K.R., Beach, L.O., Drago, A.M., 1992. Mechanistic
steps in the production of PCDD and PCDF during waste combustion.
Chemosphere 25, 1387.

Gullett, B.K., Sarofim, A.F., Smith, K.A., Procaccini, C., 2000a. The role
of chlorine in PCDD/PCDF formation. Trans Chem. 78, Part B,
January.

Gullett, B.K., Dunn, J.E., Raghunathan, K., 2000b. Effect of co-
processing coal on formation of polychlorinated dibenzo-p-PCDD/
PCDF and dibenzofurans during waste combustion. Environ. Sci.
Technol. 34, 282.

Gullett, B.K., Toutati, A., Lee, C.W., 2000c. Formation of chlorinated
PCDD/PCDF and furans in a hazardous-waste-firing industrial boiler.
Environ. Sci. Technol. 34, 2069.

Haegermann, B., 2004a. D/F data from HeidelbergCement. Heidelberg-
Cement Technology Center GmbH, Peter-Schuhmacher-Strasse 8,
69181 Leimen, Germany.

Haegermann, B., 2004. Report from Heidelberg Cement. Heidelberg
Cement, 69124 Heidelberg, Germany.

Hansen, E., Pershing, D.W., Sarofim, A.F., Heap, M.P., Owens, W.D.,
1996. An evaluation of dioxin and furan emissions from a cement kiln
co-firing waste. In: Proceedings of the Air and Waste Management
Association Conference on Waste Combustion in Boilers and Indus-
trial Furnaces.

Harris, R.E., Lanier, W.S., Springsteen, B.R., 1994. PCDD and PCDF
emission characteristics from hazardous waste burning cement kilns.
In: Presented at the 1994 International Conference on Incineration and
Thermal Treatment Technologies, Houston, Texas.

Herrera, E., 2003. PCDD/PCDF Data from Colombia. <www.
holcim.com/>.

Huang, H., Buekens, A., 1996. De novo synthesis of polychlorinated
dibenzo-p-PCDD/PCDF and dibenzofurans: proposal of a mechanis-
tic scheme. Sci. Total Environ. 193, 121.

HWC MACT Data Base NODA Documents, 2002. <http://www.epa.
gov/epaoswer/hazwaste/combust/comwsite/cmb-noda.htm>.

IPPC, Integrated Pollution Prevention and Control – European Commis-
sion, 2001. Reference document on Best Available Techniques in the
Cement and Lime manufacturing industries. <http://www.jrc.es/pub/
english.cgi/>.

Izumi, Y., 2004. Emission data. Taiheiyo Cement Japan. <www.taiheiyo-
cement.co.jp/>.

Japan Ministry of Environment, 2003. <http://www.env.go.jp/en/topic/
PCDD/PCDF/inventory.pdf>.

Jensen, A., 2004. Emission testing Chile. Gerente Co-procesamiento,
COACTIVA Grupo Polpaico. Santiago, Chile.

Jones, K.C., Sewart, A.P., 1997. Dioxis and furans in sewage sludges: a
review of their occurrence and sources in sludge and of their
environmental fate, behavior, and significance in sludge-amended
agricultural systems. Crit. Rev. Environ. Sci. Technol. 27, 1.

Kakareka, S.V., 2002. Sources of persistent organic pollutants emission on
the territory of Belarus. Atmos. Environ. 36, 1407.

Kakareka, S.V., Kukharchyk, T., 2002. Expert estimates of PCDD/PCDF
and PCB emissions for some European countries. Meteorological
Synthesizing Centre East, Ul. Arhitektor Vlaslov, 51, Moscow 117393,
Russia.

Karasek, F.W., Dickson, L.C., 1987. Model studies of polychlorinated
dibenzo-p-PCDD/PCDF formation during municipal refuse incinera-
tion. Science 237, 754.

Karstensen, K.H., 1994. Burning of hazardous wastes as Co-fuel in a
cement kiln – Does it affect the environmental quality of cement? –
Leaching from cement based materials. Studies in Environmental
Science 60, Environmental Aspects of Construction with Waste
Materials, Elsevier, Amsterdam, the Netherlands. ISBN 0-444-
81853-7.

Karstensen, K.H., 2004. Formation and release of POPs in the cement
industry. Organohalogen Compd., 66, ISBN 3-928379-30-5.

Karstensen, K.H., 2006a. Formation and Release of POPs in the Cement
Industry, second ed. Report to the World Business Council for
Sustainable Development, 30 January.

Karstensen, K.H., 2006b. Cement Production in Vertical Shaft Kilns
in China – Status and Opportunities for Improvement. Report to the
United Nations Industrial Development Organization, 31 January.

Karstensen, K.H., Kinh, N.K., Thang, L.B., Viet, P.H., Tuan, N.D., Toi,
D.T., Hung, N.H., Quan, T.M., Hanh, L.D., Thang, D.H., 2006.
Environmentally sound destruction of obsolete pesticides in develop-
ing countries using cement kilns. Environ. Sci. Policy 9, 577–586.

Kilgroe, J.D., Nelson, P.L., Schindler, P.J., Lanier, W.S., 1990. Combus-
tion control of organic emissions from municipal waste combustors.
Combust. Sci. Technol. 74, 223.

Kreft, W., 1995. Thermal residue disposal in cement works – comparison
with other methods of waste treatment. ZKG Int. 7, 368–375.

Krogbeumker, G., 1994. Staying under the limit. Int. Cement Rev. (May),
43.

Kucherenko, A.V., Klyuev, N.A., Yufit, S.S., Cheleptchikov, A.A.,
Brodskj, E.S., 2001a. Study of dioxin sources in Krasnoyarsk, Russia.
Organohalogen Compd. 50, 459–463.

Kucherenko, A.V., Klyuev, N.A., Yufit, S.S., Cheleptchikov, A.A.,
Brodskj, E.S., 2001b. Industrial emission factors in the city of
Krasnoyarsk. Organohalogen Compd. 53, 275–278.

Kuhlmann, K., Schnider, M., Sollenbohmer, F., 1996. PCDD/PCDF-
emissions from German cement clinker kilns. Organohalogen Compd.
27, 78, ISBN 3-928379-49-6.

Lamb, C.W., Miller, F.M., Roth, A., Dellinger, B., Sidhu, S., 1994.
Detailed determination of organic emissions from a preheater cement
kiln co-fired with liquid hazardous wastes. Hazard. Waste Hazard.
Mater. 11 (1), 201–216.

Lang, Th., 2004. PCDD/PCDF/Furan data from Holcim. Holcim Group
Support Ltd., Corporate Industrial Ecology, Im Schachen, 5113
Holderbank, Switzerland.

Lanier, W.S., Stevens, F.M., Springsteen, B.R., Seeker, W.R., 1996.
PCDD/PCDF Compliance Strategies for the HWC MACT Standards.
In: International Conference on Incinerator and Thermal Treatment
Technologies, May. Savannah, Georgia.

Latorre, M., 2004. PCDD/PCDF data. Uniland Cementera, S.A. Llano
Estación, s/n E-08730 Santa Margarida i Els Monjos, Spain.

Lauber, J.D., 1982. Burning chemical wastes as fuels in cement kilns. J.
Air Pollut. Control Assoc. 32 (7), 771–776.

Lauber, J.D., 1987. Disposal and destruction of waste PCB. In: Waid, J.S.
(Ed.), PCBs Environ.. CRC Press, USA.

Lee, C.C., Huffman, G.L., Mao, Y.L., 2000. Regulatory framework for
the thermal treatment of various waste streams. J. Hazard. Mater.
A76, 13–22.

Leitao, F.F., 2004. PCDD/PCDF data from Cimpor. <www.cimpor.pt/>.
Liske, M.Y., Shubhender, K., Spreng, A.C., Chriber, R.J., 1996. An

assessment of polychlorinated dibenzo-p-PCDD/PCDF and furans in

http://www.holcim.com/
http://www.holcim.com/
http://www.epa.gov/epaoswer/hazwaste/combust/comwsite/cmb-noda.htm
http://www.epa.gov/epaoswer/hazwaste/combust/comwsite/cmb-noda.htm
http://www.jrc.es/pub/english.cgi/
http://www.jrc.es/pub/english.cgi/
http://www.taiheiyo-cement.co.jp/
http://www.taiheiyo-cement.co.jp/
http://www.env.go.jp/en/topic/PCDD/PCDF/inventory.pdf
http://www.env.go.jp/en/topic/PCDD/PCDF/inventory.pdf
http://www.cimpor.pt/


560 K.H. Karstensen / Chemosphere 70 (2008) 543–560
raw materials for cement production. Organohalogen Compd. 28, 249–
254.

Lustenhouwer, J.W.A., Olie, K., Hutzinger, O., 1980. Chlorinated
dibenzo-p-PCDD/PCDF and related compounds in incinerator efflu-
ents. Chemosphere 9, 501.

Mac Donald, L.P., Skinner, D.J., Hopton, F.J., Thomas, G.H., 1977.
Burning waste chlorinated hydrocarbons in a cement kiln. Environ-
ment Canada, Report EPS 4/WP/77-2.

Oss, H.G., Padovani, A.C., 2003. Cement manufacture and the environ-
ment. J. Ind. Ecol. 7 (1), 93–125.
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