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EXHAUST GAS CLEANING TECHNOLOGIES AND EMISSION LIMITS
FOR PLANTS IN THE CEMENT INDUSTRY USING THE CYCLONE PREHEATER PROCESS
ALPACEM CEMENT PLANT, ANHOVO, SLOVENIA

Gerd Mauschitz

- Expert's Report -

1 Introduction

Cements are hydraulic binders burned above sintering temperature. Due to their practical and economic im-
portance, they are among the most important mortar binders [1]. Cement clinkers are important carriers of hydraulic
properties. Together with additives, they are ground into a wide range of standard-compliant cements [2].

The carriers of the hydraulic properties are the various cement clinker minerals that form during the burning of the
raw materials in the heat treatment plants at firing temperatures of more than 1450 °C. The heat required for this is
provided by burning conventional fossil fuels (coal, oil, natural gas) and substitute fuels (plastic waste, used tyres,
etc.).

The high flame temperatures during cement clinker burning result in exhaust gases with increased levels of thermal
nitrogen oxides. Nitrogen oxides are considered to be direct and indirect air pollutants. Their main effect is as a
strong oxidising agent. Among other things, they have an overfertilising and acidifying effect on water and soil
(eutrophication) and contribute to the formation of ground-level ozone (tropospheric ozone) and secondary
particulate matter {nitrogen-containing condensation aerosols). The release of nitrogen oxides must be minimised
in accordance with applicable emission control guidelines through air pollution control measures, whereby
secondary emissions such as those from ammonia (NHs) must be kept as low as possible.

By using substitutes (secondary raw materials and secondary additives, as well as substitute fuels), cement plants
can consetrve natural resources and thus make a sustainable contribution to environmental protection. Cement
plants can support waste management in the handling of residual materials within the framework of local waste
disposal networks.

The use of substitute materials brings chemical compounds into the production process (such as sulphur com-
pounds, organic compounds, heavy metal compounds) that require intensive exhaust gas treatment in order to
comprehensively reduce the resulting air pollutant emissions.

Nevertheless, it must be noted that substances (e.g. sulphur compounds such as pyrite and marcasite, compounds
of volatile metallic trace elements such as thallium and mercury, organic hydrocarbon compounds such as natural
carbonisation products in clays) are also brought into the kiln system via the natural composition of the raw materials

used, which can result in harmful gas emissions.

The share of emissions from the cement industry in total national emissions is illustrated in Table 1 using the exam-

ple of the Austrian cement industry [3].
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Table 1: Shares of various air pollutants emitted by the Austrian cement industry in total national emissions
in the reference year 2022

Through cooperation with innovative plant engineering companies, existing exhaust gas cleaning technologies are
being improved and new exhaust gas cleaning technologies are being developed in order to keep air pollutant

emissions as low as possible.
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2 Question

This expert opinion provides information on modern secondary separation measures for dust, conversion pro-

cesses for nitrogen oxides (NOx), carbon monoxide (CO), organic pollutants (TOC) and mercury (Hg) from ex-

haust gases in the cement industry that operate according to the cyclone heat exchanger process, and provides

information on possible emission limit ranges that can be permanently complied with using these exhaust gas 1

abatement techniques.

3 Findings
Alpacem Cement operates a Portland cement manufacturing plant in the settlement of Anhovo in the Republic of

Slovenia (Figure 1).

With a kiln capacity of approx. 3180 tons of clinker per day (limitation of the environmental permit), the Anhovo
cement plant produced approx. one million tons cement in the reference year 2024. The cement plant employed ‘\...___
approx. 260 people in the reference year.



Figure 1: Photographic view of the Alpacem cement plant in Anhovo, Slovenia

At the Alpacem cement plant in Anhovo, limestone and marl from the company's own deposits on the left bank of
the SoCa River are first coarsely crushed and then transported to the plant by conveyor belts, where they are mixed
with corrective substances and grinded into raw meal by two ball mills. The raw meal is then fed into a five-stage
cyclone heat exchanger equipped with an inline calciner and a tertiary air duct, before being burned in an approx.
68 m long rotary kiln with a diameter of approx. 4.5 m at approx. 1450 °C. The cement clinker is cooled in a grate
cooler, temporarily stored and ground with standard main components in accordance with SIST EN 197-1:2011
Cement ~ Part 1 and SIST EN 413-1:2011 Masonry cement — Part 1 in two ball mills to produce standard cements.

The various additives (which are used as alternative raw materials for clinker production or as cementitious additives
for cement production, etc.) are transported fo the plant by rail or lorry.

The furnace exhaust gas is dedusted in a bag filter system. With a total filter area of approx. 4070 m" (PPS needle
felt), the daily dust emission limit in the clean gas is reduced to approximately <5 mg/m?® (Vn) at 10.0 vol.% O, in
daily average. Dust separation from the clinker cooler exhaust gas is also carried out using a bag filter system.

In 2019, the daily nitrogen oxide exhaust gas limit value was reduced to less than 500 mg/m? (Vn) at 10.0 vol.% O,
{calculated as NO;) by using an SNCR (selective non-catalytic reduction) system, using aqueous urea solution as
reducing agent. By the end of 2025 agueous ammonia solution shall be used as reducing agent.

To reduce SO2 emissions, a dry sorption process is used at the Alpacem cement plant in Anhovo, whereby sodium
hydrogen carbonate (NaHCO3) is injected into the flue gas stream.

The cement produced is transported by rail and truck, approx. 88 % as bulk solid and approx.12 % in bags.

With a view to conserving natural resources as much as possible and given the current economic conditions, the
Alpacem cement plant continues to aim to increase its use of substitute materials in the form of secondary raw
materials, secondary additives and substitute fuels. While the substitute raw materials are transported to the plant
exclusively by truck, petroleum coke is transported to the plant by rail.

The rotary kiln is fired by a low-NOx multi-component burner (conventional fossil fuels and RDF-2D, particle size:
height: 2 mm and the other two dimensions up to 30 mm). Coarse-grained substitute fuels (RDF-3D, used tyres...)
are burned using a hot disc.



In 2024 approx. 110000 t of alternative fuels (e.g. refuse-derived fuels, used tyres) were used.

Over the last ten years, 60 % to 65 % of the total heat demand at the Alpacem cement plant has been met by
burning substitute fuels (i.e. used tyres, RDF from commercial and industrial sources).

In 2024 approx. 43000 t of secondary raw materials (€.g. construction demolition waste, incineration ashes) and
approx. 295000 t of secondary additives (e.g. slag, fly ash, bypass dust) were used.

In the reference year 2024, the resource conservation factor of the cement plant was approx. 443 kg of substitute
materials per ton of cement. The resource conservation factor illustrates the amount of substitute fuels, secondary
raw materials and secondary additives used in the production of one ton of cement. The Alpacem cement plant in
Anhovo has therefore contributed to the conservation of natural resources by using approx. 446000 tons of
substitute materials per year (reference year 2024).

The clinker factor in the reference year 2024 was 720 kg of Portland cement clinker per ton of cement.

Figure 2 shows a process flow sheet of Alpacem cement plant in Anhovo.
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Figure 2: Simplified flow sheet of Alpacem cement plant in Anhovo
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Table 2: Emissions of various air pollutants from plants in the Austrian cement industry
and their share of the national freight
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Based on the relative contributions of Austrian cement industry to Austrian emissions (Table 2) it is particularly
important to remove sulphur dioxide (SOz), carbon monoxide (CO), nitrogen oxides (NOx), total organic carbon
compounds (TOC), volatile heavy metal compounds (in particular mercury (Hg)) and dust from the exhaust gas of
cement plants [4].

3.1 Measures to minimize dust emissions

Exhaust gases from the cement industry contain particulate matter that must not be released into the atmosphere.
This includes raw material particles, cement clinker particles, carbon patticles and additiv material particles, The
removal of the solid dispersed fraction from the gas phase is referred to as dedusting or dust separation. The
process engineering units used for this purpose are cailed dust collectors or dust separators.

In cement industry plants, bag filter systems with high-performance filter media and/or electrostatic precipitators are
predominantly used for this purpose.

The electric dust collector developed by F. G. Cottrell was first used in the cement industry in 1909 (Riverside
Portland Cement Co. (U8)). Electrostatic precipitators use an electric field to transport dust particles via the dis-
placemient space to the precipitation electrode after they have been electrically charged by a corona discharge,
where they are then separated. An electrostatic precipitator normally works optimally when the specific
dust resistance is approx. 104 ohm cm to approx. 10'* ohm cm, thus preventing the dust particles from rebounding
and spraying back from the precipitation electrodes. Continuous operation can be ensured if the precipitation plate-
shaped electrodes are periodically cleaned from the deposited dust by shaking and tapping. Electrostatic
precipitators can also be used successfully at operation temperatures above 260 °C, although their effectiveness
decreases with increasing exhaust gas temperature due to changing physical conditions (in particular: change in
specific dust resistance, decrease in corona voltage, decrease in breakdown voltage, increasing gas viscosity).

It should be noted that dust separators can contribute to the de novo synthesis of dioxins and furans (Figure 3).
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Figure 3: De novo synthesis of dioxins and furans in dust separators

Semi-permeable filter media are used in filtering dust separators to retain dust particles through surface filtration
and depth filtration. The dust particles collect in the depth and on the surface of the filter medium, forming a dust
cake at higher dust concentrations. The dust cake must be removed periodically, usually by a pulse of compressed
air (pulse jet cleaning), to ensure continuous operation. The filter medium is usually converted in the form of filter
bags 5 m to 10 m long with a diameter of approx. 15 cm, mounted vertically in the bag housings of the dust collectors.
Teflon-laminated glass fibre fabrics or polyimide needle felts are often used as conventional filter media in the
cement industry. These filter media are temperature-resistant up to approx. 260 °C.

In hot gas filtration, e.g. metal needie felts or ceramic filter elements made of high-temperature wool or fine ceramic

granulates are often used as self-supporting filter elements to enable dust removal at temperatures up to approx.
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1100 °C. These materials are insensitive to flying sparks, non-flammable and have good thermal shock resistance.
Nevertheless, there are only a few examples of applications in the operation range above 500 °C because of the
high operating costs. Hot gas filters with ceramic filter cartridges are often used successfully in the chlor-alkali

bypass of cement plants.

Figure 4 shows that electrostatic precipitators have a minimum separation efficiency in a particle size range from
0.1 ym to 1 ym. This minimum separation efficiency is due to a change in the charging mechanisms of the particles.
This minimum separation efficiency is less pronounced in filter separators. This is the reason why filter separators
have been preferred over electrostatic precipitators in the cement industry in recent years.
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Figure 4: Single particle separation efficiency of different types of dust separators

However, it should be noted that when using conventional textile filter media, an operation temperature of 220 °C
must not be exceeded continuously (thermal instability). For this reason, it is often necessary to cool the dust-laden
exhaust gas stream before it enters the filter separator. In order not to impair the overall energy efficiency of the
system, waste heat recovery is recommended. Direct dust passage through the textile filter medium (holes) into the
clean gas chamber must absolutely be prevented. Special dust monitors are used for this purpose.

Despite the minimum separation efficiency of between 0.1 ym and 1 pm, electrostatic precipitators can be used,
but they require numerous electric field areas, which result in correspondingly high investment and operating costs.

Operation experience with the use of electrostatic precipitators in cement industry plants shows that a daily emission
limit of 10 mg/m*(Vn) at 10 vol.% O; in the clean gas can be maintained permanently.

Operation experience with the use of filter separators with high-performance textile filter media in cement industry
plants shows that a daily emission limit of 5 mg/m?® (Vn) at 10 vol.% O, in the clean gas can be maintained
permanently. It has been found that, with newly installed textile filter media, clean gas dust concentrations of less
than 1 mg/m® (Vn) can initially be measured. These values deteriorate over time due to incomplete cleaning of the
filter elements, so that the individual filtration cycles between cleaning operations become shorter. Increased

cleaning can result in greater dust penetration into the clean gas.

At the Anhovo Alpacem cement plant, bag filters with high-performance textile filter media are used to remove dust
from the kiln exhaust gas and the clinker cooler exhaust gas. The filter medium consists of polyphenylene sulphide
(PPS). The filter area of the furnace filter is approx. 4070 m2 More than 50 additional filter separators (e.g. silo top

filters) are also used in the cement plant.



A conventional bag filter is used in the Alpacem cement plant to remove dust from the chlor-alkali bypass flow after
the kiln gas has been cooled to approx. 180 °C.

3.2 Measures to reduce sulphur dioxide emissions

Sulphur dioxide emissions arise in cement industry plants through the combustion of sulphur-containing fuels (in
particular sulphur-containing coal and heavy oils) and/or the use of sulphur-containing raw materials. For example,
iron sulphide (FeS2) may be present in the raw material in form of marcasite or pyrite, which release SO2 during
thermal treatment. Dry additive processes, semi-dry processes and wet processes are used as technical SOz flue
gas treatment systems. In the cement industry, wet processes based on a calcium washing process (chemical
sorption process, Gea-Bischoff process) are predominantly used, with gypsum (CaS04-2 H20) , which is
ground into the cement as a setting regulator. In the calcium washing process, calcium oxide is dispersed in water
to produce an aqueous calcium hydroxide suspension:

CaO0 + H20 «» Ca(OH)2

The calcium hydroxide (Ca(OH)2) suspension reacts with SO in the flue gas to form calcium sulphite (CaSOs3) and
calcium hydrogen sulphite (Ca(HSO3)2):

SOz + Ca(OH)2 <> CaS0s + H20
802+ CaS0s + Hz0 «» Ca(HSO3):

if there is enough oxygen in the flue gas, calcium sulphite reacts to form calcium sulphate (CaS0s4), which combines

with water to form gypsum:
CaS0s3+ % Oz CaS04
CaS04+ 2 H20 « CaS04- 2 H20

In addition to SOz, hydrogen chloride (HCI) is also removed from the exhaust gas stream as calcium chloride
(CaCl):

2 HCl + Ca(OH)z « CaCl2 + 2 H20
2 HCl + 2 CaS0s «» CaClz + Ca(HS03)2

Monitoring the concentration of chlorine-containing compounds is particularly important in cement production. Sol-
uble chlorine compounds, mostly present as CaClz, can be added to cements as accelerators for compressive
strength development or to achieve shorter setting times. However, chlorine-containing compounds in reinforced
cement can cause corrosion of steel girders and ultimately lead to premature structural damage (material fatigue).
Sulphur in cement is often controlled by adding gypsum to the cement mixture. The sulphur content partly deter-
mines the degree of drying and the drying strength as well as the ability of the cement to dry out even at higher
humidity. For these reasons, it is important to monitor both the chlorine and sulphur concentrations in cements.

In the drying additive process, which is also used in the cement industry for the desulphurisation of exhaust gases,
sorbents (such as sodium hydrogen carbonate (NaHCOs, SolvAir process) or limestone (CaCQs) are injected into
the exhaust gas stream to bind sulphur oxides as sodium sulphate (Na2S0a4):

2802+ 4 NaHCO3+ 02> 2 Na2S0Q4+ 2 H20 + 4 CO2
SO03+ 2 NaHCQO3 «+» Na2S04+ H20 + 2 CO»

At the Alpacem cement plant in Anhovo, the dry additive process with sodium hydrogen carbonate is used to desul-

phurise the exhaust gas stream.



The exhaust gas partial flow from the chlor-alkali bypass was identified as the main source of SOz in the Anhovo
cement plant. So sodium hydrogen carbonate is added to this exhaust gas partial flow and the resulting sodium
sulphate particles are removed from the exhaust gas flow by a filtering dust separator.

Operation experience with the dry additive process in cement industry plants shows that a daily SOz emission limit
of 20 mg/m? (Vn) can be maintained continuously at 10 vol.% Oz in the clean gas (without natural inclusions of
marcasite and/or pyrite in raw materials).

3.3 Measures to reduce nitrogen oxide emissions and carbon monoxide emissions

Through staged combustion in the calciner, the carbon monoxide (CO) produced can be used to achieve a partial
reduction of the nitrogen oxides present:

2NO +2C0 « N2 +2COz
2(m+n/4) NO + Cm Hn > (m+n/4) N2+n/2 HO + m CO2

Although the reducing agents carbon monoxide and hydrocarbons promote the partial decomposition of nitrogen
oxides into environmentally neutral exhaust gas components nitrogen, carbon dioxide and, if applicable, water, the
carbon monoxide concentration in the exhaust gas can nevertheless remain high (e.g. residence time in the calciner

too short, turbulence level in the calciner too low).

If the reduction in nitrogen oxide emissions is insufficient and above-average amounts of CO remain in the exhaust
gas stream, further emission reduction measures must be taken.

One option is thermal post-combustion of the organic pollutants and carbon monoxide to CO2 with simultaneous
selective catalytic reduction of nitrogen oxides. The aim is to convert CO, TOC and NOx emissions simultaneously
in a single plant through two consecutive sub-processes in the same reactor. This plant concept is called the
DeCONOXx process. The DeCONOx plant is designed to couple an SCR DeNOx plant with a regenerative post-
combustion plant in a low-dust configuration. In the low-dust configuration, the exhaust gas is dedusted before
entering the SCR DeNOX plant.

3.3.1 Description of SCR DeNOx technology

Burning temperatures of approx. 1450 °C with flame temperatures of more than 2000 °C are necessary for the
formation of cement clinker minerals. This produces exhaust gases that contain increased levels of nitrogen oxides
(NOx, especially thermal NO) and must be subjected to exhaust gas cleaning.

In conventional SCR DeNOx technology, nitrogen oxides are converted into nitrogen (N2) and water vapour (H20)
[5]. Since the reaction products are natural components of air, environmental problems can be ruled out. According
to general opinion, the chemical reactions that take place during SCR DeNOx technology can be summarized by

the following sum reactions:

4NO+4NH; + 024 N2+ 6 H0

6 NO2+ 8 NHz > 7 N2+ 12 H20

The dosing device of the reduction agent is very important for the equimolar conversion of nitrogen oxides. The
control system must function quickly and reliably in order to keep NHs slip as low as possible. If the raw gas con-
centration of nitrogen oxides in the exhaust gas stream is lower and the added NHs is too high, the ammonia slip
increases, unless excess ammonia is oxidized to NOx by appropriately dimensioned catalyst layers. In this case,
the reductant ammonia is partially consumed without being used. Operating costs will increase.
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Catalyst materials for reducing NOx emissions are already being used successfully in energy-generating plants to
reduce NOx emissions and are considered state of the art in this field. The use of catalyst materials to reduce NOx
emissions in exhaust gases from the cement industry has been attempted since 2009 and is problematic. This
exhaust gas cleaning method is therefore not yet state of the art in the cement industry. The effects of exhaust
gases from cement industry plants on catalyst materials are manifold (catalyst poisons). Using mobile pilot riggs
operated with original flue gas, the plant operator selects a plant-specific catalyst material which, under the given
plant conditions, should offer the greatest possible NOx reduction potential with the longest possible service life.
Finally, the suitability and availability of the large-scale SCR DeNOx plant must be tested during a longer-term trial
operation (a few years) on site under official supervision.

3.3.2 Description of conventional thermal post-combustion

For quality reasons, cement clinker must be burned in an oxidizing atmosphere. However, furnace malfunctions
(e.g. blocking of the kiln) can lead to incomplete combustion of carbonaceous substances in the rotary kiln, resulting
in CO concentration peaks in the furnace exhaust gas when it leaves the rotary kiln and before it enters the pre-
heater. Carbon monoxide (CO) can also be formed in the secondary combustion chamber if carbonaceous fuels
are only partially combusted there due to low temperatures, a lack of oxygen or too short residence time. Carbon
monoxide can also be produced as a decomposition product in the less hot upper cyclone stages of the preheater
(250 °C to 400 °C) from organic raw meal components.

To avoid high CO emissions, CO-containing rotary kiln exhaust gases can be thermally post-combusted, whereby
carbon monoxide is converted into carbon dioxide (CQOz):

2CO0+02+2C02

Due to the incomplete conversion of carbon-containing input materials to CO2 in the cement production process,
organic compounds are also found in rotary kiln exhaust gases. These include polycyclic aromatic hydrocarbons
(PAHSs), dioxins/furans (PCDD/PCDF) and hexachlorobenzene (HCB). The total organic carbon (TOC) content is
used as a measure of the organic compound content in the exhaust gas. Due to the very low concentrations of
ultra-toxic pollutants (e.g. PCDD/PCDF) in the exhaust gas stream, the TOC value is not useful for evaluating ultra-

toxic pollutant emissions.

If exhaust gases contain organic pollutants, they can be cleaned by thermal oxidation (thermal post-combustion),
whereby hydrocarbons can be converted into harmless reaction products. As the following reaction equations illus-
trate, the hydrocarbons first dissociate at high temperatures into the combustible components carbon and hydrogen
as well as oxygen, and are then converted into water or carbon monoxide or carbon dioxide in a further reaction
step:

CxHyOz > x C +y/2 Ha + 2/2 Oz

2C+02+2C0O

2H2+ 02 & 2H0

In thermal post-combustion the raw gas is often preheated by indirect heat exchange while cooling the hot exhaust

gases flowing out of the combustion chamber. If the heat exchange is insufficient, a relatively large amount of
additional fuel must be burned to maintain the required combustion chamber temperature.

The amount of additional fuel is reduced when a regenerative post-combustion system is used. Depending on the

size of the exhaust gas volume flow to be treated, a regenerative post-combustion system has three, five or seven
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regenerators connected in parallel, which are either equipped with temperature-stable ceramic honeycomb modules
or with pellets as ceramic heat storage masses. The raw gas flows through the first heat storage tower, which has
been heated by the hot combustion gases. Heat exchange increases the raw gas temperature to 80 % to 100 % of
the combustion chamber temperature. If the calorific value of the raw gas components is sufficient for complete
combustion of the pollutants, this is referred to as autothermal plant operation, in which no additional fuel is required.
If the calorific value of the raw gas components is too low, sufficient additional fuel must be burned in the combustion
chamber, The hot exhaust gas leaves the combustion chamber through another regenerator, which has previously
been cooled by the cold raw gas. This cools the exhaust gas and heats the regenerator. By switching the flow paths,
the heat storage towers enable heat exchange between the cold, pollutant-rich raw gas and the hot, low-pollutant

clean gas.

3.3.3 Description of the DeCONOXx process

First, the daily average dust emission limit in the raw gas is reduced to <5 mg/m3(Vn) by a filter separator equipped
with highly efficient textile cleaning filter media. A fan sucks the dedusted exhaust gas volume flow through the
DeCONOXx system (Figure 5) [6 ,7 ].

Depending on the volume of flue gas, the system has three, five or seven reactors, which are periodically fed with
raw gas or clean gas. In order to avoid peaks in pollutant concentrations during the switching cycles, the remaining
reactor is flushed with air and the exhaust gas that has not been completely converted is transported to the com-
bustion chamber and incinerated there.

The number of reactor towers in a DeCONOXx plant depends, among other things, on the exhaust gas flow rate, the
state variables of the exhaust gas, the exhaust gas composition, the installed regenerator volume and its heat

storage capacity, the materials used in the plant and the reactor heat insulation.

Each individual reactor has pneumatically operated flaps supplied with sealing air, through which the raw gas enters
the thermally insulated reactor interior.

First, the raw gas flows through the lower regenerator layer to reach the catalyst inlet temperature (250 °C —- 350 °C).
This is followed by an intermediate chamber in which the pre-vaporised ammoniacal reducing agent is injected. The
exhaust gas/reducing agent mixture then flows through the SCR DeNOx catalyst layer. Following successful pilot
tests with original flue gas, a ternary mixture of TiO2/\V20s/WOs is often used as catalyst material. The plant-specific
catalyst material is available in the form of parallel flow catalyst elements.

Above the catalyst layer is another intermediate space and above that the upper regenerator layer, which raises
the exhaust gas temperature to approx. 850 °C.

The combustion chamber is mounted above the reactors. It is operated at a minimum temperature of 850 °C to
ensure that organic hydrocarbons and carbon monoxide are oxidized as completely as possible when the exhaust
gases remain in the combustion chamber for more than three seconds.

During start-up of the DeCONOXx plant and during non-autothermal operation, the minimum combustion chamber

temperature is ensured by buming additional fuel.

The clean gas leaves the DeCONOXx system at approx. 180 °C and is therefore warmer than the raw gas entering
the DeCONOx. Residual heat recovery will be recommended for energy efficiency reasons.
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Analytical investigations show that although the DeCONOXx plant does not influence the extent of Hg emission
concentrations in the exhaust gas stream, it can fundamentally change the proportions of Hg species. If mercury is
present at the inlet of the DeCONOX plant at approx. 91 % metallic and approx. 9 % ionic in oxidation state +i,
mercury is present at the outlet of the DeCONOx plant at approx. 20 % metallic and approx. 80 % ionic in oxidation
state +I1. This fact must be taken into account when operating continuous Hg emission measuring devices.

The availability of existing DeCONOX installations has been gradually increased to more than 99 %.

There is currently no DeCONOX plant at the Anhovo cement factory as a secondary emission mitigation process,
and one would have to be newly implemented. This would require the authorities to approve a trial operation, lasting
several years, in order to increase the availability of the DeCONOXx system from an initial average of <80% to an

average of >99% through technical optimisation measures.

If the DeCONOx plant switches to bypass operation, the authorities must provide for correspondingly higher
emission limits for NOx; NHa, TOC and CO in the event of such a failure. The time span for such technically
unavoidable failure must be limited by the authorities to approx. 8% of the annual furnace operation time, whereby
star’(-uﬁ and shutdown operation conditions must be included. The time span for failure operations should be kept

as short as possible.

In the event of a DeCONOx failure, the existing SNCR system can be used to reduce NOx emissions with
correspondingly higher daily NOx- and NHs- emission limits (NOx: 300 mg/m3(Vn), NHa: 30 mg/m3(Vn), Oz2: 10
vol.%).

Operation experience shows that when the DeCONOX process is used in plants in the cement industry, daily NOx
emission levels of 150 mg/m?® (Vn) at 10 vol.% O2 in the clean gas, with a daily NHs slip emission levels of approx.
20 mg/m? (Vn) at 10.0 vol.% Oz and a daily CO emission level of 100 mg/m® (Vn) at 10 vol.% Oz in clean gas and
a daily average TOC emission level of approx. 20 mg/m?® (Vn) at 10.0 vol.% Oz in clean gas can be maintained

permanently.

To reduce higher NOx emission peaks in the raw gas flow of secondary NOx reduction technologies (e.g.
DeCONOx, SCR- DeNOx technology) can prove useful in conjunction with an upstream SNCR system.

Benzene, toluene, ethylbenzene and xylenes undergo extensive degradation at approx. 99 % under the given
operation conditions in the DeCONOx plant. In contrast, halogenated aromatic hydrocarbons such as
pentachlorobenzene and hexachlorobenzene undergo lower conversion rates. The same applies to dioxins and

furans as well as their precursor substances (biphenyls).

The exhaust gas is thoroughly dedusted by a filtering seperator, before entering the DeCONOx plant. This is
advantageous for the sub-process of catalytic nitrogen oxide emission reduction. The absence of dust particles in
the raw gas stream prevents erosion of the parallel flow elements of the catalyst layers and also of the regenerator
layers. The risk of clogging due to dust deposits is low. The cell division of the paralle! flow catalyst elements (pitch)
can be kept small. This increases the specific catalyst surface area and enables a more compact plant design with
a high NOx conversion rate. A disadvantage is the necessary reheating of the exhaust gases after intensive dust
removal to the temperature level of the SCR catalyst material. However, this can be kept to a minimum by the heat
release due to the oxidation of the combustible gas components contained in the exhaust gas with simultaneous
regenerative waste heat utilisation. A deterioration in the combustion efficiency must be avoided. Only during stari-
up and bypass operation and in the absence of autothermal operation (depending on the calorific value of the

exhaust gas) are additional fuels burned.
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The heat distribution in the reactors must be monitored particularly closely to prevent permanent thermal degrada-
tion of the catalyst elements (mineral conversion of anatase to rutile); if necessary, emergency cooling of the catalyst
elements must be provided. During regenerative heat exchange in the reactors, the temperature at the reactor outlet
must not fali below 180 °C to prevent the formation of ammonium salts. This prevents blockages caused by
ammonium salts (NHsHSO4, (NH4)2S04) and prevents increased NH3 emissions. The number of catalyst elements
installed in the DeCONOXx system should not be too small in order to ensure high NOx emission reduction with as
little NHs slip as possible. Too much NHs can be oxidized by the catalyst elements.

Persistent organic hydrocarbon compounds (POPs, e.g. dioxins and furans) are only partially oxidised to CO2 in the
combustion chamber of the DeCONOX plant. When selecting POP-contaminated substitute materials, it is essential
to bear in mind that the DeCONOX plant is not a conventional high-temperature combustion chamber (>1100 °C,
residence time of >5s, with high oxygen content and good exhaust gas mixing) (Figure 6) and therefore does not
allow complete destruction of ultra-toxic substances. When conventional high-temperature post-combustion cham-
bers are used for the destruction of PAHs and POPs, a water quench is used immediately after the high-temperature
chamber to cool the exhaust gases in order to allow the temperature window for the de novo synthesis of dioxins
and furans to pass through as quickly as possible from 650 °C to <200 °C , thereby preventing de novo synthesis
of dioxins and furans.

Nevertheless, the use of DeCONOXx technology can ensure long-term compliance with the strict emission limit value
for ultra-toxic substances (dioxins and furans) of 0.1 ngre/m®(Vn) (10 vol.-% O2), provided that the use of substitutes
contaminated with ultra-toxic substances (- these substances can be found in some hazardous materials -) is strictly

avoided, which is the case for Anhovo cement plant.

No reliable results are yet available on the ageing of the catalyst material in DeCONOx plants. However, the service

life is likely to be several years.
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Figure 5: Simplified flow diagram of a DeCONOx plant with five reactors
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3.4 Measures to reduce mercury emissions

This heavy metal enters the cement clinker production process via input mass flows through the use of mercury-
containing raw materials (e.g. clays contaminated with cinnabar), the combustion of mercury-containing solid con-
ventional fuels, and the use of substitute raw materials and fuels contaminated with mercury (Hg) [8].

A primary measure to reduce mercury input into the furnace system is extensive deposit exploration, which, where
applicable, involves identifying deposit areas with increased mercury compounds (cinnabar (HgS)) at an early stage
and, if possible, excluding them from excavation. The selection of mercury-containing substitutes must be limited
in any case in order to keep the mercury input into the cement production process low. Even if the mercury content
in the input materials varies greatly, it can be assumed that approx. 60 % of the mercury input comes from raw
materials and approx. 40 % from combusted fuels. However, it should be noted that the mercury content in natural
raw materials and conventional fuels can sometimes be higher than the mercury content in substitutes. Due to the
high flame temperatures of the main burner (>2000 °C), the mercury from mercury-containing fuels is present as
elemental (metallic) mercury (Hg® after combustion. The mercury from mercury-containing raw materials is con-
verted in the temperature range of the cyclone preheater (250 °C to 850 °C) after the Hg™" has been converted to
ionic mercury compounds Hg*!) and metallic Hg® (disproportioning). The Hg*!) can be present as mercury halides,
as HgS or as HgSO4 or as HgO [9].

Due to the relatively high vapour pressure of mercury, increased mercury emissions from cement industry plants
may occur. It can be assumed that at temperatures of approx. 140 °C, depending on the dust concentration and
particle size distribution in the exhaust gas, between 15 % and 75 % of the metallic mercury and its compounds are
present in an adsorbed form. Mercury element cycles form between the raw mill, kiln filter and cyclone preheater.
In combined operation, when the raw mill is in operation, mercury emissions at the chimney are reduced due to

increased mercury adsorption on raw meal particles.

Stricter Hg emission limits (Minamata Convention) will make it necessary in future to use more secondary flue gas
cleaning technologies in order to comply with stricter Hg emission limits on a permanent basis. The ExMercury
process or a dry additive process can be used as emission reduction techniques for this purpose.

3.4.1 Description of the ExMercury process

Due to the vapour pressure behaviour of mercury, this metallic trace element partially accumulates in the external
element cycle of the kiln/preheaterffiler system, with higher Hg concentrations being found primarily in the dust of
the kiln filter. Nevertheless, it is precisely the high volatility of this heavy metal that can lead to increased Hg emis-

sions into the atmosphere.
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The ExMercury process (Figure 7) is designed to thermally remove mercury from these furnace filter dusts, adsorb
the Hg and then extract the Hg-contaminated residue and dispose of it properly [10]. This effectively removes mer-
cury from the furnace system, significantly reducing Hg emissions from cement industry plants.

Mercury-enriched kiln filter dust is fed into the ExMercury system, where it is passed in counterflow to hot kiln gas
and heated to approx. 400 °C. The hot furnace gas volume flow required for this is usually taken from the top stage
of the cyclone preheater. As a result of the heating, the filter dust to be treated releases approx. 90 % to 95 % of its
mercury load into the carrier gas stream. The mercury-containing furnace gas loaded with fine dust particles leaves
the top cyclone stage of the ExMercury system and enters a downstream hot gas dust collector (approx. 360 °C).
There, the dust concentration is further reduced with the aid of high-temperature-resistant ceramic filter cartridges.
The dust separated in the cyclone preheater of the ExMercury system and the dust cleaned by pulse jet in the hot
gas dedusting system are collected and returned to the cyclone preheater. The dedusted, mercury-containing
carrier gas is then rapidly cooled to approx. 100 °C to 120 °C with water in a spray tower. Fine-grained adsorbent
(e.g. brown coal activated coke, activated carbon, brominated activated carbon) is then injected into the cooled gas
flow, which adsorbs the gaseous mercury. The mercury-laden sorbent is then separated from the carrier gas stream
using a filter separator equipped with high-performance textile filter media and disposed of as hazardous waste in
accordance with all occupational health and safety regulations for operating personnel (e.g. safety clothing,
respiratory masks, airlock systems). In order to ensure that the adsorbent is as fully loaded as possible and thus to
save operating costs, the adsorbent is recycled until it reaches Hg saturation.

The ExMercury process achieves mercury reduction in the cement process by removing Hg-contaminated dust and
disposing of it as hazardous waste.

Operation experience shows that when the ExMercury process is used in plants in the cement industry, Hg emission
limits of 25 pg/m3(Vn) (monthly average) at 10 vol.% reference oxygen concentration in the clean gas can be

maintained on a permanent basis.
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Figure 7: Simplified flow sheet of an ExMercury system implemented in the cyclone preheater process
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3.4.2 Description of the dry additive process

Another method for reducing mercury emissions from cement industry plants is the use of the dry additive process.
In this process, conventionally activated carbon, brominated activated carbon, activated coke or calcium hydroxide
is injected into the exhaust gas stream of cement plants as an adsorbent to immobilize vapour-phase mercury and
its compounds, whereby both physical adsorption and chemical adsorption can take place. Due to the relatively
high Hg vapour pressure, it is understandable that this technique can only be successfully implemented if the ex-
haust gas temperature is as low as possible (120 °C to 140 °C). However, the dew point must not be exceeded
under any circumstances. Cooling followed by reheating of the exhaust gas stream is not practical for economic
reasons. The use of activated carbon also offers the advantage of separating traces of other moderately to relatively
volatile metallic elements and their compounds, as well as residues of halogen compounds, hydrocarbon com-
pounds (including ultra-toxic substances) and more. As a tail-end technology, it should be used in the immediate
vicinity of the chimney, where the lowest exhaust gas temperatures can be detected. The contaminated activated
carbon particles must be removed from the flue gas stream using filter dust separators. This produces a powdery
residue which must be disposed of as hazardous waste. This procedure places additional demands on operating
personnel (including the wearing of protective clothing and respiratory protection, and the installation of airlock
systemé at the extraction point). The activated carbons used require careful material selection to prevent corrosion.
Attention must be paid to the formation of explosive atmospheric mixtures. The grinding of contaminated carbons
into product streams must be questioned due to the possible mobilisation of pollutants during heat development
during cement grinding. The possible elution behaviour of pollutants from cement products (concrete blocks) con-
taining heavy metal-contaminated activated carbon must be investigated in more detail. There is a fundamental
difference between the permanent incorporation of heavy metals into the glass phase of cement clinker and the
incorporation of heavy metals into the sol/gel matrix of cement products. In addition, sorbents added to cement can

influence the colour of cement products and change their porosity.

When assessing the effectiveness of emission reduction techniques for mercury through secondary emission
reduction measures such as the ExMercury technique or the dry additive technique, the initial value of the Hg
emissions to be reduced must be taken into account. If the mercury input into the furnace system can be kept low
by using Hg low natural raw materials and Hg low fuels, secondary Hg-emission reduction processes are not

necessary.

Through the specific selection of raw materials with low Hg content {e.g. mining exploration techniques) and strict
limits on mercury in all input mass flows, as well as the implementation of a quality assurance system to monitor
the properties of all materials used, the Anhovo cement plant should be able to reliably comply with Hg emission
limits of 25 pg/m® (Vn) (monthly average). These measures should be supported by the installation of a tail-end
high-pressure water injection system to reduce the exhaust gas temperature to 130 °C, in order to improve Hg
sorption on the dust particles to be almost completely separated.

If alternative materials (e.g. substitute fuels, secondary substitutes) are used, Hg emissions should be monitored
continuously. This also facilitates monitoring of the Hg input mass flows into the furnace system.
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4 Summary and concluding remarks

The installation of a DeCONOx system at the Alpacem cement plant in Anhovo would be a decisive and state-of-

the-art step towards mitigating gaseous emissions. This technology is considered groundbreaking in the European

cement industry, particularly with regard to significantly mitigating NOx- and NHz-emission levels and achieving

particularly low emission levels for CO and TOC.

Based on experience gained during the operation of existing full-scale reference plants, | can conclude that, follow-

ing an optimisation phase after commissioning as part of a longer-term trial operation, this technology has the

potential to achieve very low average emission levels for NOx, NHs, CO and TOC.

Based on the knowledge in air pollution control techniques for cement industry plants,

as a consultant to the "Advisory Board for Environmental Protection and Technology” of the Austrian
cement industry,

as data trustee for the Austrian cement industry and as author of the annual emission inventories for the
Austrian cement industry since 1995,

as a member of the project working committee of the UBA Berlin Dessau “Pure gas SCR in Rohdorf cement
plant” (Siidbayerisches Portland-Zementwerk Gebr. Wiesbock & Co. GmbH, Germany),

as a member of the project working committee of the VOZ “Pilot tests for the catalytic reduction of nitrogen
oxides in exhaust gases from Austrian cement planis”,

as consultant to Kirchdorfer Zementwerk Hofmann Ges.m.b.H., Kirchdorf/Krems, Austria, for the initial
implementation of the DeCONOXx process in the cement industry,

as a member of the project working committee "Exhaust gas purification SCHWENK Allmendingen”
(Schwenk Zement GmbH & Co. KG, Germany)",

as a member of the VDI guidelines committee VDI 2094 "Emissions reduction in cement plants”,

as Chairman of the VDI Guidelines Committee VDI 3677 “Filtering Separators — Hot Gas Filtration”,

as a member of the project working committee "Exhaust gas cleaning OTTERBEIN Grof3enliider-M(s"
(OTTERBEIN cement and lime works, Germany)

and after reviewing all reports and emission data available, the following limit values for air pollutants from cement

plants, using the cyclone preheater process and state of the art technology, can be permanently complied with (see

Table 3):

alr pottutant emission limit unit Slerenei0s comments

| ‘concentration

'total suspended particulate matter (TSP) _' 5 mg.fma{Vn] | 10.0Vol.-% bag house filter, only kiln iine, daity average
total suspended particulate matter (TSP) _’ 10 mg:ma_[Vn) 10.0Vol.-% | electrostatic precipitator, only kiln line, daily average
nitrogen oxides (calculated as NOy) 150 mg/ma{_Vn] | 10.0Vol.-% calculated as NO,, daily average
sulfur dioxide (30,) _, 20 mgrm3;Vn] | 10.0Vol.-% daily average, without sutfur compounds in raw material
sutfur dioxide (SO,) | <400 me/m(Vn) | 10.0Vol.-% daily average, with sulfur compounds in raw material
hydrogen chioride (HCL) _' 20 mg/m°(vn)| 10.0Vol.-% daily average
total organic carbon (TOC) { 20 mg/m®(vn)| 10.0Vol-% daily average
carbon monoxide (CO) i 100 mg/m®(vn) 10.0Vol-% |daily average
ammonia (NHz) f 20 mg/m(Vn) 10.0Vol.-% dally average
mercury (Hg) (gaseous and particle bound) | 0.025 | mgxmsivml 10.0Vol-% monthly average, continuous measurement data acquisition
dioxins and furans 0.1 ng/m>(Vn) 10.0Vol.-% |average value over a period of 6 to 8 hours =

Table 3: Potentially achievable emission values for cement plants using a cyclone preheater process
under optimised conditions after several years of operation
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It should be emphasized that the figures presented in Table 3 represent indicative lower limits that can be achieved
only after an extended period of operational optimisation and under favourable process and raw material conditions.
Particularly for nitrogen compounds (NOx and NH3), these values are stricter than the limits currently prescribed for
cement plants even in countries such as Austria or Germany.

In the specific case of the new Slovenian regulation, which defines emission limit values for cement plants, the final
emission limits are set in advance and fixed, rather than being established based on actual performance results
obtained during trial operation of new abatement systems. Moreover, the timeframe granted to cement plants to
adapt to these new and very stringent limits is relatively short - only four years are available for the planning, con-
struction, commissioning and optimisation of the new emission reduction technologies. This is especially critical for
NOx and NHs emission mitigation, as their optimisation is typically more complex and time intensive.

it should be noted that the implementation of the SCR DeNOx techniques and the DeCONOXx process in cement
plants over the last 15 years has shown that plant operators are well advised to carry out on-site pilot tests before
constructing a large-scale plant in order to verify the effects of the original flue gas on the planned NOx emission
mitigation technology. This is particularly necessary when catalytically active materials are used in the reactors to
ensure that the catalytically active material is not deactivated too quickly.

Given these circumstances, the emission limits shown in Table 4 represent the strictest field-proven international
NOx and NHs emission limits for cement plants with kiln operation in Europe. They reflect emission levels that can
be reliably achieved under real operating conditions, based on long-term experience with high-performance instal-

lations.
n
alr poliutant emission limit unit | reference ,0’ comments
! | | concentration
hitrogen oxides (catculated as NO,) 200 mg/m(Vn) 10.0Vol.-% |
L ! t |
ammonia {NHz) 1 30 mg/ma(Vn) 10.0Vol.-% |total ammonia (NHj slip + ammonia from raw materials) |

Table 4: The strictest field proven emission limits for NOx and NH;s prescribed for cement plants in Europe
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TEHNOLOGIJE CISCENJA IZPUSNIH PLINOV IN MEJNE VREDNOSTI EMISIJ

ZA OBRATE V CEMENTNI INDUSTRIJI, Ki UPORABLJAJO CIKLONSKI IZMENJEVALNIK
TOPLOTE

CEMENTARNA ALPACEM, ANHOVO, SLOVENIJA

Gerd Mauschitz

- lzvedensko porodilo -

1 Uvod

Cementi so hidravli¢na veziva, ki se pridobivajo z Zganjem pri temperaturah, visjih od temperature sintranja. Zaradi
prakti¢nosti in ekonomiénosti so med najpomembnejSimi vezivnimi sredstvi za malto [1]. Cementni klinkerji so
pomembni predvsem zaradi svojih hidraviiénih lastnosti. Skupaj z dodatki jih zmeljejo v najraziiénejse vrste s

standardom skladnih cementov [2].

Nosilci hidravli¢ne lastnosti so razliéni minerali cementnega klinkerja, ki nastajajo med Zganjem surovin v peteh pri
temperaturah Zganja nad 1450 °C. Toplota, potrebna za tovrstno obdelavo, se pridobiva s kurjenjem obicajnih
fosilnih goriv (premog, nafta, zemeljski plin) in nadomestnih goriv (plastiéni odpadki, rabljene pnevmatike itd.)

Visoke temperature plamena med Zganjem cementnega klinkerja povzro&ajo izpudne pline s pove€ano vsebnostjo
termiénih dusikovih oksidov. Dusikovi oksidi veljajo za neposredne in posredne onesnaZevalce zraka. Njihov glavni
ucinek je, da so motni oksidanti. Med drugim povzrocajo ucinek prekomemega gnojenja in zakisljevanja vode in
prsti (evirofikacija) in prispevajo k nastanku prizemnega ozona (troposferski ozon) in sekundarnih trdnih delcev
(aerosolov, ki nastanejo zaradi kondenzacije in vsebujejo dusik). V skladu z veljavnimi smernicami za uravnavanje
emisij je treba z ukrepi za nadzor nad onesnaZenjem zraka zmanj3ati izpuste dusikovih oksidov, pri Cemer je treba

sekundarne emisije, kot so tiste iz amonijaka (NH3), ohranjati na ¢im niZji ravni.

Cementarne lahko z uporabo nadomestkov (sekundarne surovine in sekundarni dodatki kot tudi nadomestna
goriva) pripomorejo k ohranitvi naravnih virov in tako trajnostno prispevajo k varstvu okolja. Cementarne lahko
pripomorejo k ravnanju z odpadki z obdelavo odpadnih snovi v okviru lokalnih mreZ za odstranjevanje odpadkov.

Z uporabo nadomestnih materialov se v proizvodni proces vnasajo kemijske spojine (kot so Zveplove spojine,
organske spojine, spojine tezkih kovin), ki za namen znatnega zmanj$anja z njimi povezanih emisij onesnazeval

wewr

zraka zahtevajo intenzivno &i¢enje izpusnih plinov.

Kljub temu je treba upostevati, da se v sistem pedi za Zganje tudi prek naravne sestave uporabljenih surovin vnasajo
snovi (npr. Zveplove spojine, kot so pirit in markazit, spojine hlapnih kovinskih elementov v sledovih, kot sta talij in
Zivo srebro, organske ogljikovodikove spojine, kot so naravni produkti procesa karbonizacije v glinah), ki lahko

povzro€ajo nastanek emisij Skodljivih plinov.

V Tabeli 1 je prikazan deleZ emisij iz cementne industrije v skupnih emisijah v drZavi na primeru cementne industrije
Avstrije [3].
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masni i 5
onesnaZevalo zraka leta PFS?OK v na raT:isgeg::\?ge del;%;:etu del%gzletu

drzavi* industrije™**

: [t | U] ) T S ) .

|ogijikov dioksid ** (COz) (brez biogenih emisii) | 2022 73 439 000 2 982 304 3, 64 4,06
amonjak (NHy) B | 2022 ) [ i 132 o,18] 0,19
3veplov dioksid (SO2) B 1™ 2022 10 780 120 1,70 1,12
ogljikov monoksid (CO) 2022 480 600] 3 478 0,80 0,72
dusikovi oksidi {izratunani kot NOz2) 2022 114 400 2 273 2,01 1,99
|skupni organski ogliik (TOC, NMVOC) 2022 | 106 000] 155 0,17 0,15
'skupaj suspendirani trdni delci (TSP) (samo linija za 2022 | 45 160 20 0,05 0,05
Zganje Klinkerja) o 1
Zivo srebro (Hg) (emisije plinov in trdnih delcev) 2022 0,99 0,1360 13,82 13,74
** UBA: »Emissionstrends 1990 - 2022 {Datenstand 2024)x, Porotilo REP-0917, Dunaj 2024
*¢ UBA Wien: Ef i s Ogterreich 19% 3 Jannes 2025

**4 6. Mauschitz: »Emissionen aus Anlagen der dsterreichischen Zernentindustrie - Bifanzjahr 2024x, V2, Wien 2025

Tabela 1: DeleZi razliénih onesnaZeval zraka, ki jih povzroa cementna industrija Avstrije v okviry skupnih
emisij v drzavi za referencno leto 2022

V sodelovanju z inovativnimi podjetji za industrijsko projektiranje se z namenom ohranjanja onesnaZeval zraka na

ara

&im niZji ravni obstojece tehnologije €iséenja izpusnih plinov izboljdujejo in razvijajo nove.

2 Vprasanje

To izvedensko poroéilo zagotavija informacije o sodobnih ukrepih za lo€evanje prasnih delcev ter postopkih
pretvorbe dusikovih oksidov (NOX), ogljiikovega monoksida (CO), organskih onesnhaZeval (TOC) in Zivega
srebra iz izpusnih plinov cementarn, ki uporabljajo cikionske izmenjevalnike toplote. Porogilo prav tako vsebuje
informacije o moZnih razponih mejnih vrednosti emisij, ki jih je mogoge trajno dosegati z uporabo prej

omenjenih tehnik znizanja emisij izpusnih plinov.

3 Ugotovitve

Druzba Alpacem Cement v naselju Anhovo v Republiki Sloveniji vodi cementarno za proizvodnjo portlandskega
cementa (Slika 1).

S sistemom pedi za Zganje zmogljivosti priblizZno 3180 ton klinkerja dnevno (omejitev v skladu z
okoljevarstvenim dovoljenjem) je cementarna Anhovo v referenénem letu 2024 proizvedia priblizno milijon ton

cementa. V referencnem letu je bilo v cementarni zaposlenih priblizno 260 fjudi.



Slika 1: Fotografija cementame v Anhovem, Slovenija

V cementarni Alpacem v Anhovem apnenec in lapor z lastnih nahajali§¢ druzbe na levem bregu Soge najprej grobo
zmeljejo, nato pa ju 5 pomogjo transportnega traku prepeljejo v obrat, kjer ju zme8ajo z dodatki in z dvema
krogliénima mlinoma zmeljejo v surovinsko moko. Surovinsko moko se nato dovaja v petstopenjski ciklonski
izmenjevalnik toplote, ki je opremijen z vgradnim kalcinatorjem in terciarnim zracnim vodom, nato pa se jo pri
temperaturi priblizno 1450 °C seZge v priblizno 68 m dolgi rotacijski pe¢i s premerom okoli 4,5 m. Cementni klinker
se ohladi v re§etkastem hiadilniku, zagasno shrani in v dveh krogliénih mlinih skupaj z dodatki zmelje v cement, ki
ustreza standardu SIST EN 197-1:2011 Cement - Del 1 in SIST EN 413-1:2011 Zidarski cement - Del 1.

Razligne dodatke (ki se uporabijo kot alternativne surovine pri proizvodniji klinkerja ali kot cementni dodatki pri
proizvodnji cementa itd.) se v obrat prepelje z Zeleznico ali tovornjakom.

Izpudni plini, ki nastanejo pri izgorevanju v peéi, se odvedejo v sistem vrecastih filtrov. Skupna povrsina filira znasa
priblizno 4070 m- (iglasti filc iz PPS), s &imer se dnevna mejna vrednost emisij prahu v pregi§¢enih plinih zniZa na
priblizno <5 mg/m2 (Vn) pri 10,0 vol. % O (dnevno povpregje). Tudi lotevanje prahu iz izpusnih plinov hladilnika za

klinker se izvaja prek sistema vrecastih filtrov.

Leta 2019 je bila dnevna mejna vrednost dusikovega oksida v izpusnih plinih z uporabo selektivne nekatalitske
redukcije (SNCR) zniZana na manj kot 500 mg/m? (Vn) pri 10,0 vol. % O: (izraunan kot NO:), pri €emer je bila kot
reducent uporabliena vodna raztopina seénine. Do konca leta 2025 se bo kot reducent uporabljala vodna raztopina

amonijaka.

Za zniZzanje emisij SOz se v cementarni Alpacem v Anhovem uporablja proces suhe sorpcije, pri ¢emer se v tok
dimnih plinov vbrizga natrijev hidrogenkarbonat (NaHCOs3).

Proizvedeni cement se transportira z Zeleznico ali tovornjaki, pri éemer se ga priblizno 88 % transportira kot razsuti

tovor v trdnem staniju, priblizno 12 % pa v vre€ah.

Zato da bi v &im vegji meri ohranila naravne vire, cementarna Alpacem ob upostevanju trenutnih gospodarskih
razmer §e naprej stremi k pove&evanju uporabe nadomestnih materialov v obliki sekundarnih surovin, sekundarnih
dodatkov in nadomestnih goriv. Medtem ko nadomestne surovine v obrat prevaZajo izkljuéno s tovornjaki, naftni

koks v obrat dovazajo z Zeleznico.

Potrebna toplota se v rotacijsko pe¢ dovaja prek gorilnika z nizkimi emisijami NOx, ki omogo€a uporabo razli¢nih
vrst goriv (obigajna fosilna goriva in RDF-2D, velikost delcev: viSina 2 mm in drugi dve dimenziji v velikosti do

30 mm). Grobozrnata nadomestna goriva (RDF-3D, rabljene pnevmatike ...) se seZigajo z uporabo hot diska.
3
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V letu 2024 so v cementarni Alpacem v Anhovem uporabili priblizno 110000 t alternativnih goriv (npr. RDF (gorivo iz
odpadkov), rabliene pnevmatike).

V cementarni Alpacem so v zadnjih desetih letih 60 do 65 % potreb po toploti pokiili s kurjenjem nadomestnih goriv
(npr. rabljene pnevmatike, RDF iz komerciainih in industrijskih virov).

V letu 2024 so uporabili priblizno 43000 ton sekundarnih surovin (npr. gradbeni odpadki, nastali pri rusenju objektov,
pepel, nastal pri seZiganju) in priblizno 295000 t sekundarnih dodatkov (npr. Zlindra, elektrofiltrski pepel, prah iz
sistema za zmanj$evanje vsebnosti klora v procesu peéenja kiinkerja (bypass prah).

V referenéne letu 2024 je koeficient ohranjanja virov cementarne znasal priblizno 443 kg nadomestnih materialov
na tono cementa. Koeficient ohranjanja virov nam pove, koliko nadomestnih goriv, sekundarnih surovin in
sekundarnih dodatkov, se uporabi pri proizvodnji ene tone cementa. S tem, ko je uporabila 446000 ton nadomestnih
materialov v referen&nem letu 2024, je cementarna Alpacem v Anhovem prispevala k ohranitvi naravnih virov.

Koeficient klinkerja za referenéno leto 2024 je zna$al 720 kg portlandskega cementnega klinkerja na

tono cementa. Na Sliki 2 je prikazan diagram poteka procesov v cementarni Alpacem v Anhovem. /’
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Slika 2: Poenostavijen procesni diagram cementame Alpacem v Anhovem

masni pretok na ni pret .
onesnazevalo zraka leto da:;gvﬁi FBV’:""" :‘23:15 sze(:;:: delg%;:e&u del;zngzletu
it industrije™*
Sl ] 1t] 1%] [5]
ogljikov dioksid ** (CO2) (brez biogenih emisij) 2022 73 439 000 2 982 304 3,64 4,06
amonijak (NHs) | 2022 ) 67 990 132 0,18 0,19
2veplov dioksid (802) | 2022 10 780 120 1,70 1,12
|ogljikov monoksid (CO) o 2022 | 480 600f 3 478] 0,80 0,72
'Iduéikovi oksidi (izraCunani kot NO2) N | 2022 114 400 2 213 | 2,01 1,99
skupni organski ogljik (Tq:, NMVOC) 2022 100 000] 155 0, 17[ 0,15]
skupaj suspendirani trdni delci (TSP) (samo linija za 2022 45 160 20 0, 055 0,05
|Zganje klinkerja) — | J
Zivo srebro (Hg) (emisije plinov in trdnih delcev) 2022 | 0,99 _0,1360 13, 82] 1357 4]

** UBA: »Emissianstrends 1990 - 2022 (Datenstond 2024)«, Porotila REP-0917, Dunaj 2024
** UBA Wien: »Treibhausgas-Emissionen in Osterreich 1990-2023«; Klimaschutzhericht, Datenstand Jnner 2025
442 G, Mauschitz: »Emissionen aus Anjagen der bsterreichischen Zementindustrie - Bilanzjahr 2024, ViZ, Wien 2025

Tabela 2: Emisije razlicnih onesnazeval zraka, ki jih povzro¢ajo cementame v Avstriji
in njihov dele? v emisijah na drZavni ravni



Glede na sorazmerni prispevek cementne industrije Avstrije k skupnim emisijam v Avstriji (Tabela 2) je zlasti
pomembno, da se iz izpusdnih plinov cementarn odstranijo: Zveplov dioksid (SO2), ogljikov monoksid (CO), dusikovi
oksidi (NOx), skupni organski ogljik (TOC), hlapne spojine teZkih kovin (zlasti Zivo srebro (Hg)) in prah [4].

3.1 Ukrepi za znizanje emisij prahu

Izpusni plini, ki nastanejo pri proizvodnji cementa, vsebujejo trdne delce, ki se ne smejo sprostiti v zrak. Sem
spadajo trdni delci surovin, trdni delci cementnega klinkerja, trdni delci ogljika in trdni delci dodatkov. Odstranjevanije
frakcije trdnih razprienih delcev iz plinaste faze se imenuje odpradevanje ali lo€evanje prahu. Tehniéne enote, ki

se v procesu proizvodnje uporabljajo v ta namen, se imenujejo zbiralniki prahu ali odprasevalniki.

V cementni industriji se v ta namen v glavnem uporabljajo filtrirni sistemi z visoko zmogljivimi filtrirnimi sredstvi in/ali

elektrostaticni filtri.

Elektricni zbiralnik prahu, ki ga je razvil F. G. Cottrell, so v cementi industriji prvi¢ uporabili leta 1809 (Riverside
portland Cement Co. (ZDA)). Elektrostati¢ni filtri s pomodjo elekiricnega polja prasne delce, ki se zaradi pojava
korone predhodno naelekirijo, transportirajo na lovilno elektrodo, kjer se izlocijo. Optimaino delovanje
elektrostatiénega filtra je obi&ajno zagotovljeno, ko specifiéna upornost prahu znasa med priblizno 104 ohm cm in
10" ohm cm, s &imer se prepreéi, da bi se prasni delci odbijali od lovilnih elektrod in vradali nazaj. Neprekinjeno
delovanje se zagotovi tako, da se s plo3éatih lovilnih elektrod redno odstranjuje usedli prah, kar dosezemo s
tresenjem in tapkanjem. Elektrostatiéni filtri za odprasevanje se lahko uspesno uporabljajo tudi pri delovnih
zaradi spremenjenih fizikalnih pogojev (zlasti zaradi spremembe v specifiéni upornosti prahu, nizje koronske

napetosti, nizje prebojne napetosti, vetje viskoznosti plina).

Treba je upo$tevati, da uporaba elektrostati¢nih filtrov lahko povzro€i de novo sintezo dioksinov in furanov (Slika 3).

E _— =

B 10; _ |
c | femm—

e .

5 3

9 25 TE ekvivalent toksiznosti
® [ 1

= | t

= t

= 1 | I? A\ e

- . A

§ e =

2 | 0.3

® I 150°C

2 01b e — |
Moo 200 400 800 800

delovna temperatura / [°C]

Slika 3: De novo sinteza dioksinov in furanov v odprasevalnikih

V odpra$evalnikih se za zadrZzevanje pragnih delcev prek povrsinske in globinske filtracije uporabljajo polprepustna
filtrima sredstva. Prasni delci se zbirajo tako v samem filtrirnem sredstvu kot tudi na njegovi povrsini, pri emer se
pri vi§jih koncentracijah prahu na povrsini naredi prasni sloj. Za zagotavljanje neprekinjenega delovanja je treba
redno odstranjevati prasni sloj, za kar obiéajno poskrbi curek stisnjenega zraka (€iS&enje s pulznimi curki). Filtrima
sredstva so obi¢ajno v obliki filtrirnih vre¢, dolgih od 5 do 10 m s premerom okoli 15 cm, ki se namestijo navpi€no v
filtrime sisteme zbiralnikov prahu. V cementni industriji se za filtrirna sredstva obi¢ajno uporabljajo s teflonom
lamelirane tkanine iz opti¢nih vlaken ali poliamidni iglasti filc. Ta filtrirna sredstva so odporna na temperature do

priblizno 260 °C.

Pri filtraciji vrogih plinov se kot samostojni filtrirni elementi za odstranjevanje prahu pri temperaturah do okoli
1100 °C pogosto uporabljajo kovinski iglasti filc ali keramiéni filtrirni elementi, izdelani iz tkanine, odporne na visoke

temperature ali iz finih keramicnih granulatov.
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Ti materiali so odporni na iskre, nevnetljivi, prav tako pa jih odlikuje dobra odpornost na toplotne §oke. Kljub temu
pa zaradi visokih stroSkov delovanja tovrstne materiale uporabljajo le redki sistemi, ki delujejo pri temperaturah nad
500 °C. V cementarnah se filtri vro¢ih plinov s keramiénimi filtrirnimi kartu§ami pogosto uspesno uporabljajo v
lo€enem sistemu za odvajanje plinov, kjer so le-ti najbolj bogati s klorom in alkalijskimi kovinami.

Na Sliki 4 je prikazano, da so najman;jsi delci, ki jih elektrostati¢ni filtri Se lahko uginkovito filtrirajo, delci v velikosti
med 0,1 ym do 1 pym. To je posledica spremembe v mehanizmih naelektritve delcev. Ta sposobnost uéinkovitega

filtriranja je manj izrazena pri mehanskih filtrih. To je tudi razlog, zakaj so v zadnjih letih v cementni industriji
mehanski filtri bolj priljubljeni kot elektrostati¢ni filtri.

i ¢
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Slika 4: Uginkovitost lo¢evanja delcev razliénih odpragevainikov

Treba je upoStevati, da pri uporabi obicajnih tekstilnih filtrirnih sredstev delovna temperatura nikoli ne sme preseéi
220 °C (termicna nestabilnost). Zato je treba pra3ni tok izpusnih plinov pred vstopom v mehanski filter ohladiti. Da
pa to ne bi imelo negativnega vpliva na energetsko ucinkovitost sistema kot celote, se priporoga rekuperacija
odpadne toplote. V vsakem primeru je treba prepreciti neposredni prehod prahu prek tekstilnega filtrimega sredstva
(luknje) v komoro s precisCenim plinom. V ta namen se uporabljajo posebne naprave za spremljanje koncentracije
prahu.

Kljub temu, da so najmanjSi delci, ki jih e uinkovito lahko filtrirajo elektrostatiéni filtri, delci v velikosti med 0,1 pm
do 1 pym, se za filtriranje prahu lahko uporabijo tudi tovrstni filtri. TeZava pri tem pa je, da zahtevajo $tevilna
elektri¢na polja, kar povzroéa visoke naloZbene in obratovalne stroske.

IzkuSnje pri obratovanju z uporabo elektrostatiénih filtrov v cementarnah kaZejo, da je v pregi$éenem plinu mogote
stalno vzdrZzevati dnevne mejne vrednosti emisij v vi§ini 10 mg/m? (Vn) pri 10 vol. % O:.

IzkuSnje z uporabo mehanskih filtrov z visoko zmogljivimi tekstilnimi filtrirnimi sredstvi v cementarnah kaZejo, da je
v preci$&enem plinu mogote stalno vzdrZevati dnevne mejne vrednosti emisij v vi§ini 5 mg/m? (Vn) pri 10 vol. % O..
Ugotovljeno je bilo, da je pri novo namesc&enih tekstilnih filtrimih sredstvih sprva mogoée izmeriti koncentracije prahu
v preciscenih plinih v viSini 1 mg/m® (Vn). Te vrednosti pa se zaradi nepopolnega &i$éenja posameznih elementov
filtra stasoma posiab8ajo, tako da postajajo obdobja med posameznimi cikli filtriranja krajSi. Intenzivnejse &isdenje

o rar

pa lahko povzroti, da v preci§éen plin prodre veé prahu.

V cementarni Alpacem v Anhovem se za odstranjevanje prahu iz izpugnih plinov sistema peti za Zganje in izpusnih
6
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plinov hladilnika kiinkerja uporabljajo vretasti filtri, narejeni iz visoko zmogljivega tekstilnega filtrirnega sredstva.
Filtriro sredstvo sestoji iz polifenilen sulfida (PPS). Filtrirna povrSina filtra pegi znasa okoli 4070 m2. Cementarna
uporablja tudi ved kot 50 dodatnih sistemov vregastih filtrov (npr. filtri na vrhu silosov).

Za odstranjevanje prahu iz lo&enega sistema za odvajanje plinov, kjer so le-ti najbolj bogati s klorom in alkalijskimi

kovinami, se v cementarni Alpacem, potem, ko se plin iz peti ohladi na okoli 180 °C, uporablja obi€ajni vreasti

filter.



3.2 Ukrepi za znizanje emisij 2veplovega dioksida

V cementni industriji emisije Zveplovih dioksidov nastanejo zaradi kurjenja goriv, ki vsebujejo Zveplo (zlasti premog,
ki vsebuje Zveplo in teZka olja) in/ali uporabe surovin, ki vsebujejo Zveplo. Tako je v surovini v obliki markazita ali
pirita lahko prisoten Zelezov sulfid (FeS2), pri toplotni obdelavi katerega se spro§¢a SOz . Za odstranjevanje SOziz
dimnih plinov se uporabijajo razli€nih tehnicni postopki, in sicer postopki suhih dodatkov, polsuhi postopki in mokri
postopki. V cementni industriji se preteZzno uporabljajo mokri postopki, ki temeljijo na postopku izpiranja kalcija
(kemijski postopek sorpcije, Gea-Bischoff process), pri cemer nastaja sadra (CaS04.2 H20) , ki se zmelje v cement
kot regulator vezanja. Pri navedenem postopku razzveplanja dimnih plinov s kalcijevimi spojinami se vodi primesa
kalcijev oksid, s Eimer nastane vodna raztopina kalcijevega hidroksida:

Ca0 + Hz0 «> Ca(OH)2

Raztopina kalcijevega hidroksida (Ca(OH)2) reagira z SOz v dimnih plinih, pri Cemer nastaneta kalcijev sulfit (CaSOs)
in kalcijev hidrogensulfit (Ca(HSO3)2):

S02+ Ca(OH)2 +» CaS0s + H20
S0z + CaS0sz + H20 « Ca(HS03)2

Ce je v dimnih plinih dovolj kisika, z njim reagira kalcijev sulfit, pri Zemer nastane kalcijev sulfat (CaS04), ki skupaj
z vodo tvori sadro:

CaS0z+ % 02> CaS04

CaS04+ 2 H20 «» CaS04.2 H20

Dodatno se iz toka izpudnih plinov poleg SOz odstrani tudi vodikov kiorid, in sicer kot kalcijev klorid (CaClz);
2 HCI + Ca(OH)2 «» CaClz+ 2 H20

2 HCI + 2 CaS0s « CaClz + Ca(HS0a)2

Pri proizvodniji cementa je e posebej pomembno spremijanje koncentracije spojin, ki vsebujejo klor. Topne klorove
spojine, veéinoma prisotne v obliki CaClz, se cementom lahko dodajajo kot pospesevalci za razvoj tlacnih trdnosti
ali za doseganje krajsih Casov strievanja. Vendar lahko spojine, ki vsebujejo klor, v armiranem cementu povzrogijo
korozijo Zelezne armature in na koncu privedejo do prezgodnje poskodbe konstrukcije (utrujenost materiala).
Vsebnost Zvepla v cementu se pogosto nadzira tako, da se cementni mesanici dodaja sadra. Vsebnost Zvepla delno

Ea e

razloga je pomembno, da se v cementih spremlja koncentracijo tako klora kot Zvepla.

Pri postopku suhih dodatkov, ki se v cementni industriji uporabljajo tudi za razZvepljevanje izpusnih plinov, se v tok
izpusnih plinov vbrizgajo sorbenti, kot je npr. natrijev hidrogenkarbonat (NaHCOs, SolVAir process) ali apnenec
(CaCO0s3), ki nase veZe(jo) Zveplove okside v obliki natrijevega sulfata (Na2S0a4):

2 SOz+ 4 NaHCOs3 + Oz «» 2 Na2804+ 2 H20 + 4 CO2
S0z + 2 NaHCO3 « Na2504 + H20 + 2 CO2

V cementarni Alpacem v Anhovem se za razZvepljevanje izpu$nih plinov uporablja postopek suhega dodatka z

natrijevim hidrogenkarbonatom.

Kot glavni vir SOz v cementarni Alpacem v Anhovem se je izkazal delni tok izpusnih plinov iz loéenega sistema za
odvajanje plinov, kjer so le-ti najbolj bogati s klorom in alkalijskimi kovinami (chlor-alkaly bypass). Tako se temu
delnemu toku izpusnih plinov doda natrijev hidrogenkarbonat, delci natrijevega sulfata, ki nastanejo pri tem, pa se
iz toka izpusnih plinov odstranijo s sistemom vrecastih filtrov. |
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Izkusnje z uporabo postopka suhih dodatkov v cementni industriji kaZejo, da je v preci§€éenem plinu (€e v surovinah
nista naravno prisotna markazit in/ali pirit} mogoce stalno vzdrzevati dnevne mejne vrednosti emisij SOz v viSini
20 mg/m?® (Vn) pri 10 vol. % O2.

3.3 Ukrepi za zniZzanje emisij dusikovega oksida in ogljikovega monoksida

Pri postopnem izgorevanju v kalcinatorju se nastali ogljikov monoksid (CO) lahko uporabi za delno redukcijo
prisotnih dusikovih oksidov:

2 NO +2 CO « N2+ 2 CO2
2(m+n/4)NO+ CmHne (Mm+n/4) N2+ n/2HzO +m CO2

Ceprav reducent, kot so ogliikov monoksid in ogljikovodiki, spodbujajo delno razgradnjo dusikovih oksidov v okolju
nedkodljive sestavine izpudnih plinov, kot so dusik, ogljikov dioksid in morebitna voda, pa lahko koncentracija
ogliikovega monoksida v izpusnem plinu kljub temu ostane visoka (npr. kadar je ¢as zadrZevanja v kalcinatorju
prekratek ali pa je stopnja turbulence v kalcinatorju prenizka).

Ce je zmanj$anje emisij dusikovega oksida nezadostno in v izpugnih plinih ostajajo nadpovpreéne koligine CO, je

treba sprejeti dodatne ukrepe za zmanjSanje emisij.

Ena izmed mozZnosti vkljutuje naknadno zgorevanje organskih onesnaZeval in ogliikovega monoksida v COz, pri
&emer hkrati poteka selektivha katalitska redukcija dusikovih oksidov. Cilj tak8nega postopka je so¢asnha pretvorba
emisij CO, skupnega organskega ogliika (TOC) in dusikovih oksidov (NOx) v enem samem postrojenju prek dveh
zaporednih podpostopkov v istem reaktorju. Koncept takSnega postrojenja se imenuje proces DeCONOx.
Postrojenje DeCONOXx je zasnovano tako, da zdruZuje postrojenje za selektivno katalitsko redukcijo dudikovih
oksidov (SCR DeNOQx) s postrojenjem za regenerativno naknadno zgorevanje v izvedbi/zasnovi z nizko vsebnostjo
prahu v dimnih plinih. Pri zasnovifizvedbi z nizko vsebnostjo prahu se iz izpudnih plinov pred vstopom v postrojenje
SCR DeNOx odstrani prah.

3.3.1 Opis tehnologije zmanj$anja dusikovih oksidov s postopkom selektivne katalitske redukcije (SCR
DeNOx)

Minerali cementnega klinkerja nastaneje s peéenjem pri temperaturah okoli 1450 °C, pri ¢emer temperature

plamenov preseZejo 2000 °C. Pri tem nastanejo izpugni plini, ki vsebujejo vedje ravni dusikovih oksidov (NOx, zlasti

termiCni NO), zaradi &esar jih je treba odistiti.

Pri tradicionalni tehnologiji SCR DeNOx se dusikovi oksidi pretvorijo v dusik (N2) in vodno paro (H20) [5]. Ker so
produkti, ki nastanejo pri tej reakciji, naravne sestavine zraka, je okoljske teZave mogoée izkljuciti. Glede na splosno
veljavno mnenje, je kemijske reakcije, ki potekajo med procesom SCR DeNOx, mogoce povzeti z naslednjima

enatbama:

4 NO +4 NH3z + 02> 4 N2+ 6 H20

6 NO2+ 8 NH3 > 7 N2+ 12 H20

Za ekvimolamo pretvarbo dusikovih oksidov ima izjemno pomembno viogo dozirna naprava za reducent.
Regulacijski sistem mora delovati hitro in zanesljivo, da se neporabljeni NHs (ammonia slip) zadrzi na im niZji ravni.
Ce je koncentracija dudikovih oksidov v neoti§€enem toku izpusnih plinov nizka, vsebnost dodanega NHs pa
previsoka, se koli¢éina neporablienega amonijaka (ammonia slip) vi§a, razen e se preseZek amonijaka prek
ustrezno dimenzioniranih plasti katalizatorja z oksidacijo pretvori v NOx. V tem primeru se amonijak v vlogi

reducenta delno porabi, ne da bi bil izrabljen. S tem narastejo obratovalni stroSki.



V obratih za proizvodnjo energije za zmanj$anje emisij NOx Ze uspesno uporabljajo katalitske materiale za
zmanj8anje emisij NOx, kar na tem podroéju velja za najsodobnej$o tehnologijo. Tudi v cementni industriji Ze vse
od leta 2009 obstajajo poskusi uporabe katalitskih materialov za znizanje emisij NOx v izpusnih plinih, vendar ne
preve¢ uspesno. Zato ta metoda Eid€enja izpudnih plinov v cementni industriji 8¢ ne velja za najsodobnejsi
tehnologijo. Ucinki izpusnih plinov iz obratov cementne industrije na katalitske materiale so raznoliki (zastrupitev
katalizatorja). Upravijavec obrata s prenosnim pilotnim sistemom, priklju¢enim na dejanski tok dimnih plinov, izbere
za obrat primerno katalitsko sredstvo, ki bi glede na dane obratovalne pogoje moralo zagotavljati najvecji mozni
potencial zniZanja koncentracije NOx ob najdalj8i mozni Zivljenjski dobi. Nazadnje se primernost in razpoloZljivost
dejanskega postrojenja za zmanjSanje koncentracije dusikovih oksidov s postopkom selektivne katalitske redukcije
pod uradnim nadzorom preizkusi na lokaciji sami v dalj§em (nekaj letnem) obdobju preskusnega obratovanja.

3.3.2 Opis tradicionalnega naknadnega termi¢nega zgorevanja

Cementni klinker se mora iz kakovostnih razlogov pedi v oksidacijski atmosferi. Vendar lahko v primeru okvare peéi
(npr. zamasitev sistema pedi za Zganje) pride do nepopolnega zgorevanja z ogljikom bogatih snovi v rotacijski peéi,
kar povzrodi visoke koncentracije CO v izpu$nih plinih na izhodu iz sistema pedi za Zganje in pred vstopom v
izmenjevainik toplote. Ogljikov monoksid (CO) lahko nastaja tudi v sekundami zgorevalni komori, &e z ogliikom
bogata goriva zgorijo le delno, lahko pa tudi zaradi nizkih temperatur, pomanjkanja kisika ali prekratkega ¢asa
zadrZevanja. Ogljikov monoksid lahko nastaja tudi iz organskih sestavin surovinske moke kot produkt razgradnje
pri manj vrocih stopnjah visje v ciklonskem izmenjevainiku toplote (250 do 400 °C).

Da se preprecijo visoke emisije CO, lahko gredo izpus$ni plini iz sistema peti za Zganje, ki vsebujejo CO, skozi
postopek naknadnega zgorevanja, pri Cemer se ogljikov monoksid pretvori v ogljikov dioksid (CO2):

2CO0+022C02

Ker pride pri proizvodnji cementa do nepopolne pretvorbe vhodnih materialov, ki vsebujejo ogljik, v CO2, je v
izpudnih plinih iz rotacijske pe&i moZno najti tudi organske spojine. Mednje spadajo policikiiéni aromatski
ogljikovodiki (PAH), dioksini in furani (PCDD/PCDF) ter heksaklorobenzen (HCB). Vsebnost skupnega organskega
ogliika (TOC) se uporablja kot merilo vsebnosti organskih spojin v izpudnih plinih. Zaradi zelo nizkih koncentracij
skrajno strupenih onesnazeval (npr. PCDD/PCDF) v toku izpusnih plinov vrednost TOC ni primerna za ocenjevanje
emisij skrajno strupenih onesnazeval.

Ce izpus$ni plini vsebujejo organska onesnazevala, jih je mogoge oéistiti s termiéno oksidacijo (naknadno termiéno
zgorevanje), pri éemer se ogljikovodiki lahko pretvorijo v neskodljive reakcijske produkte. Kot prikazujejo naslednje
reakcijske enacbe, se ogljikovodiki pri visokih temperaturah najprej razcepijo na gorijive sestavine, kot so ogljik,
vodik in kisik, nato pa se v naslednjem koraku pretvorijo v vodo, ogliikov monoksid ali ogljikov dioksid:

CxHyOz > x C + y/2 H2+ 2/2 O2

2C+02+2CO

2Hz2+ 02 2 H0

Pri naknadnem termi¢nem zgorevanju se neoci§ceni plini pogosto predgrevajo prek posredne izmenjave toplote,

pri &emer se hkrati ohlajajo vrodi izpusni plini, ki izhajajo iz zgorevalne komore. Ce je toplotna izmenjava
nezadostna, se za ohranjanje zahtevane temperature v zgorevaini komori porabi relativno veliko dodatnega goriva.

Pri uporabi sistema regenerativhega naknadnega zgorevanja se porabi manj dodatnega goriva. Glede na velikost

toka izpusnih plinov, ki jih je treba oéistiti, ima regenerativni sistem naknadnega zgorevanja tri, pet ali sedem
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vzporedno vezanih regeneratorjev, ki so opremljeni ali s temperaturno stabilnimi keramicnimi satastimi moduii ali

W

peleti, ki sluzijo kot kerami¢ni akumulatorji toplote. NeociS&en plin te¢e skozi prvo enoto za akumulacijo toplote, ki

wew

se segreva z vro¢imi plini, ki nastajajo pri zgorevanju. lzmenjava toplote zviSa temperaturo neoéidéenih plinov na
do 80 do 100 % temperature v zgorevalni komori. Ce kaloriéna vrednost sestavin v neogi$&enem plinu zadostuje
za popolno zgorevanje onesnaZeval, gre za avtotermiéno obratovanje, ki ne zahteva dodatnega goriva. Ce pa je
kaloriéna vrednost sestavin neoci§enih plinov prenizka, je treba za proces zgorevanja v zgorevalni komori dovajati
dodatno gorivo. Vrogi izpusni plini zapustijo zgorevalno komoro prek drugega regeneratorja, ki so ga predhodno
ohladili mrzli neoéiéeni plini. Na ta nadin se izpusni plini ohladijo, regenerator pa segreje. S spreminjanjem smeri
tokov plinov enote za akumulacijo toplote omogocajo izmenjavo toplote med mrzlimi, z onesnazevali bogatimi plini

in vro€imi oi$¢enimi plini z nizko vsebnostjo onesnaZeval.

3.3.3 Opis postopka zmanjéanja koncentracije ogljikovega monoksida in dusikovih oksidov (DeCONOXx)

wa s

Najprej se dnevna mejna vrednost emisij v neociséenih plinih z mehanskim filtrom, opremijenim z visoko zmogljivim

tekstilnim filtrimim sredstvom, zniZa na <5 mg/m3(Vn). Ventilator posesa prahu oéiséene izpusne pline prek sistema
DeCONOXx (slika 5) [6, 7].

Glede na koli¢ino dimnih plinov ima sistem tri, pet ali sedem reaktorjev, v katere se izmenitno dovajajo neociSceni
ali oCi&Ceni plini. Da v ¢asu prekiopa smeri tokov ne bi priSlo do maksimainih kancentracij onesnazeval, se preostali
reaktor medtem spere z zrakom, delno nepretvorjeni izpusni plini pa se dovedejo v zgorevalno komoro, kjer se

seZgejo.

Stevilo reaktorjev v postrojenju DeCONOX je med drugim odvisno od pretoka izpugnih plinov, spremenljivk stanja
izpusnih plinov, njihove sestave, prostornine vgrajenega regeneratorja in njegove kapacitete akumulacije toplote,
uporabljenih materialov v postrojenju ter toplotne izolacije reaktorja.

Vsak posamezen reaktor ima pnevmatsko krmiljene lopute s stalnim dotokom zraka, ki deluje kot zra¢na zapora,

2w

skozi katere v toplotno izolirano notranjost reaktorja vstopajo neoci€eni plini.

Neogigéeni plini najprej teejo skozi niZjo plast regeneratorja, dokler ne dosezejo temperature na vhodu katalizatorja
(250 °C-350 °C). Sledi vmesna komora, v katero se vbrizga predhodno uparjeni amonijski reducent. MeSanica
izpusnih plinov in reducenta nato te¢e skozi plast katalizatorja, kjer poteka selektivna katalitska redukcija dusikovih
oksidov. Po uspeéno izvedenih pilotnih preskusanjih z dejanskimi dimnim plini, se kot katalitski material pogosto
uporablja trikomponentna mesganica TiO2/V20s/WO3 . Za posamezni obrat primeren katalitski material je na voljov
obliki vzporednih katalitskih elementov.

Nad plastjo katalizatorja je $e en vmesni prostor, nad njim pa je zgornja plast regeneratorja, kjer izpusni plini

doseZejo temperaturo do priblizno 850 °C.

Nad reaktorji se nahaja zgorevalna komora. Temperatura v njej znasa najmanj 850 °C, s ¢imer se zagotovi &im bolj
popolna oksidacija organskih ogliikovodikov in ogljikovega monoksida, pri ¢emer je ¢as zadrZzevanja izpu$nih plinov

v komori daljsi od treh sekund.

Med zagonom postrojenja DeCoNOx in takrat ko postrojenje ne deluje v avtotermiénem nacinu, se minimalna

temperatura v zgorevalni komori zagotavlja s kurjenjem dodatnega goriva.

Ociscéeni plini sistem DeCONOXx zapustijo pri temperaturi, ki znaSa priblizno 180 °C in so toplejdi od neodiS&enih
plinov, ki vstopijo v sistem DeCONOx. Iz razloga energetske ucinkovitosti se priporoga rekuperacija preocstale
toplote.
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Analitske raziskave sicer kaZejo, da postrojenje DeCONOXx ne vpliva na koncentracijo emisij Hg v toku izpusnih
plinov, lahko pa v osnovi spremeni razmerja med posameznimi oblikami Hg. Ce je Zivo srebro na vhodu v
postrojenje DeCoNOXx prisotno v razmerju priblizno 91 % elementarnega Zivega srebra proti 9 % ionskega Zivega
srebra z oksidacijskim stanjem 2+, pa je to razmerje na izhodu iz postrojenja DeCoNOXx 20% proti 80 %. To dejstvo
je treba upostevati pri upravijanju naprav za trajne meritve emisij Hg.

Razpolozljivost obstojetih instalacij DeCONOXx se je postopoma povetala na vet kot 99 %.

Trenutno v cementarni v Anhovem nimajo postrojenja DeCONOXx kot drugotnega procesa za znizanje emisij, zato
bi ga bilo treba implementirati na novo. Za to pa bi morale oblasti odobriti vedletno poskusno obratovanje, v ¢asu
katerega bi se povpre&na razpoloZljivost sistema DeCONOXx prek tehniéno-optimizacijskih ukrepov z zacetnih
<80 % zviala na >99 %.

Ce postrojenje DeCONOx preklopi na delovanje v natinu obvoda, morajo oblasti v primeru takSnega izpada
zagotoviti vi§je mejne vrednosti emisij NOx, NHs, TOC in CO. Casovno obdobje za tak tehniéno neizogiben izpad
morajo oblasti omejiti na priblizno 8 % letnega ¢asa obratovanja pedi, pri Gemer je treba upo$tevati tudi obratovaline
pogoje ob zagonu in zaustavitvi. Cas izpadov mora biti &im krajsi.

V primeru izpada delovanja sistema DeCONOX se za zmanj$anje emisij NOx lahko uporabi obstojeti sistem SNCR,
pri demer veljajo ustrezno vi§je dnevne mejne vrednosti emisij NOx- in NHs- (NOx: 300 mg/m3(Vn), NHs:
30 mg/m3(Vn), Oz2: 10 vol.%).

Izkudnje iz obratovanja kaZejo, da je pri uporabi sistema DeCONOx v cementarnah mogodGe trajno vzdrzevati
dnevne ravni emisij NOx v viini 150 mg/m3 (Vn) pri 10 vol. % Oz v pretiS&enih plinih, dnevne vrednosti emisij
neporabljenega NHz (ammonia slip) v visini okoli 20 mg/m3 (Vn) pri 10,0 vol. % Ozin dnevne vrednosti emisij CO

v vidini 100 mg/m? (Vn) pri 10 vol. % Ozv pregisgenih plinih in povpreéne dnevne emisije TOC v visini okoli 20 mg/m?®
(Vn) pri 10,0 vol. % Ozv preci§€enih plinih.

Za zmanj$anje vrhov z visokimi koncentracijami NOx v toku neogi§€enih plinov se kot koristna lahko izkaZe
kombinacija sekundarnih tehnologij za zmanj$anje NOx (npr. DeCONOXx, SCR-DeNOx) in predhodno vgrajenega
sisterna SNCR.

Benzen, toluen, etilbenzen in ksileni se pri danih obratovainih pogojih v postrojenju DeCONOx razgradijo skoraj v
celoti (priblizno 99 %). Nasprotno pa so halogenirani aromatski ogljikovodiki, kot sta pentaklorobenzen in
heksaklorobenzen, manj reaktivni in doseZejo niZjo stopnjo razgradnje. Enako velja tudi za dioksine in furane ter
njihove predhodnike (npr. bifenile).

Pred vstopom v postrojenje DeCONOXx gredo izpusni plini skozi temeljit postopek odprasevanija, kar predstavija
prednost za nadaljnji proces katalitskega zmanj$anja emisij dusikovega oksida. Ker tok neoéistenega plina ne
vsebuje prasnih delcev, ni tveganja za erozijo vzporednih elementov katalitskih plasti kot tudi ne plasti
regeneratorjev. Tveganje za zamasitev zaradi nabiranja ostankov prahu je nizko. Zaradi tega je mogoce ohraniti
majhen razmik med vzporednimi katalitskimi elementi, kar povecuje specifitno katalitsko povr§ino in omogoca
kompaktnej$o zasnovo postrojenja z visoko uinkovitostjo razgradnje NOx. Slabost tak&ne ureditve je to, daje treba
izpusne pline po intenzivnem odpraSevanju ponovno segreti na temperaturo katalizatorja, ki omogoc¢a selektivno
katalitsko redukcijo. Je pa to potrebo mogo&e zmanjSati na minimum zaradi toplote, ki se sprosca pri oksidaciji
gorljivih sestavin v izpusnih plinih, ob so€asni regenerativni izrabi odpadne toplote. Pri tem je treba prepregiti
poslab$anje uginkovitosti zgorevanja. Dodatno gorivo se kuri le med zagonom, pri obratovanju v nacinu obvoda ali
kadar avtotermiéno obratovanje ni mogoge (odvisno od odvisno od kaloriéne vrednosti izpusnih plinov).
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Da se prepredi trajno degradacijo katalitskin elementov zaradi vroCine, je treba zelo natancno spremljati
porazdelitev toplote v reaktorjih (prehod minerala anatasa v rutil); po potrebi se zagotovi izredno hiajenje katalitskih
elementov. Da se prepredi nastanek amonijevih soli, temperatura na izhodu reaktorja med regenerativno izmenjavo
toplote v reaktorjih ne sme pasti pod 180 °C. S tem se preprecijo zamasitve zaradi nastanka amonijevih soli
(NHzHSO4, (NH4)2S04) kot tudi prekomerne emisije NHs . Stevilo katalitskih elementov v sistemu DeCONOXx ne
sme biti premajhno, zato da se zagotovi visoka stopnja zmanj$anja emisij NOx s &im manjSo koli¢ino
neporablienega NHz (ammonia slip). Ce je NHs preveé, pride do oksidacije katalitskih elementov.

Obstojne organske ogljikovodikove spojine (obstojna organska onesnazevala, npr. dioksini in furani) v zgorevalni
komori postrojenja DeCONOXx samo delno oksidirajo v COz . Pri izbiri nadomestnih materialov, ki lahko vsebujejo
obstojna organska onesnaZevala, je zato treba upoStevati, da postrojenje DeCONOx ni obicajna
visokotemperatuma zgorevaina komora (z delovno temperaturo >1100 °C, Gasom zadrZevanja >5 s, visoko
vsebnostjo kisika in dobrim mesanjem izpusnih plinov) (Slika 6) in zato ne omogoca popolnega razkroja skrajno
strupenih snovi. Kadar se za unienje policikliénih aromatskih ogljikovodikov (PAH) in obstojnih organskih
onesnazeval (POP) uporabijo obi&ajne visokotemperaturne komore za naknadno zgorevanje, fazi zgorevanja sledi
faza gaenja z vodo, s &imer se izpusne pline ohladi s tem pa zagotovi, da je prehod s temperature priblizno 650 °C
do <200 °C &im krajsi, s &imer se prepredi de novo sinteza dioksinov in furanov.

Kljub temu se z uporabo tehnologije DeCONOXx lahko zagotovi dolgotrajna skladnost s strogimi mejnimi vrednostmi
emisij za zelo strupene snovi (dioksine in furane), fj. 0,1 ngTe/m*(Vn) pri 10 vol. % Oz, ¢e se dosledno prepredi
uporaba nadomestkov, onesnaZenih s skrajno strupenimi snovmi (te strupene snovi lahko najdemo v nekaterih
nevarnih snoveh), kar je tudi praksa v cementarni Anhovo.

Zaenkrat §e ni na voljo zanesljivih rezultatov glede staranja katalitskih materialov v postrojenjih DeCONOX, njihova

pricakovana Zivlienjska doba pa naj bi znasala nekaj let.
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Slika 6: Poenostavijen procesni diagram visokotemperatume komore za
naknadno zgorevanje

3.4 Ukrepi za zniZanje emisij Zivega srebra

Ta tezka kovina v proces proizvodnje cementnega klinkerja vstopi prek vhodnih mashih tokov z uporabo surovin, ki
vsebujejo Zivo srebro (npr. gline, onesnazene s cinabaritom), kurjenjem trdnih tradicionalnih goriv, ki vsebujejo Zivo
srebro'in uporabo nadomestnih surovin in goriv, onesnazenih z Zivim srebrom (Hg) [8].

Glavni ukrep za zmanj§anje vhosa Zivega srebra v sistem peti je obseZno raziskovanje nahajali$&, ki po potrebi
vkljucuje tudi pravo¢asno prepoznavanje nahajali¢ s poveéano vsebnostjo Zivosrebrovih spajin (cinabarit (HgS))
in, €e je mogoce, njihovo izkljuCitev iz izkopavanja. Izbiro nadomestkov, ki vsebujejo Zivo srebro, je treba v vsakem
primeru omejiti, zato da se vnos Zivega srebra v proces proizvodnje cementa ohrani na nizki ravni. Tudi e se
vsebnost Zivega srebra v vhodnih surovinah moéno razlikuje, lahko predpostavijamo, da pribliZno 60 % vnosa
Zivega srebra izhaja iz surovin in priblizno 40 % iz kurjenja goriv. Je pa treba upo$tevati, da je vsebnost Zivega
srebra v naravnih surovinah in tradicionalnih gorivih v&asih ve&ja kot v nadomestkih. Zaradi visokih temperatur
plamenov glavnega gorilnika (>2000 °C), je Zivo srebro, ki izhaja iz goriv, ki vsebujejo Zivo srebro, po zgorevanju v
emisijah prisotno kot elementarno Zivo srebro, tj. kot kovina (Hge). Zivo srebro, ki izhaja iz goriv, ki vsebujejo Zivo
srebro, se pretvori pri temperaturnem razponu cikionskega izmenjevalnika toplote (250 °C to 850 °C) pri éemer se
Hgr pretvori v spojine ionskega Zivega srebra Hg® in elementarno Hgo (disproporcionacija). Hg® je v emisijah
lahko prisotno v obliki halogenidov Zivega srebra kot HgS ali HgSO4 ali kot HgO [9].

Zaradi relativno visokega parnega tlaka Zivega srebra lahko pride v cementni industriji do pove&anih emisij Zivega
srebra. Predpostavljamo lahko, da je pri temperaturah okoli 140 °C, odvisno od koncentracije prahu in porazdelitve
velikosti delcev v izpuSnem plinu, med 15 % in 75 % elementarnega Zivega srebra ter njegovih spojin prisotnih v
adsorbirani obliki. V sistemu Zivo srebro kroZi med mlinom surovin, filtrom sistema peéi za proizvodnjo cementnega
klinkerja in ciklonskim izmenjevalnikom toplote Pri kombiniranem obratovanju, ko deluje miin surovin, so emisije
Zivega srebra na dimniku zaradi povecane adsorpcije Zivega srebra na pragne delce niZje.

Zaradi stroZjih mejnih vrednosti emisij Zivega srebra (Konvencija Minamata) bo treba v prihodnosti za trajno
izpoinjevanje stroZjih mejnih vrednosti emisij Zivega srebra uporabiti ve¢ sekundarnih tehnologij &i$&enja dimnih
plinov. V ta namen se za tehniko zniZanja emisij lahko uporabi postopek ExMercury ali postopek suhih dodatkov.

3.4.1 Opis postopka ExMercury

Zaradi visokega parnega tlaka Zivega srebra se ta kovinski element v sledovih delno akumulira v okviru zunanjega
kroZenja elementa med sistemom pedi za Zganjefizmenjevalnikom toplotefiltrirnim sistemom, pri Gemer je visoke
koncentracije Hg najti predvsem v prahu na filtru sistema peci za Zganje. Kljub temu je ravno visoka hlapnost te
teZke kovine povzroditelj emisij Zivega srebra v zrak.
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Postopek ExMercury (Figure 7) je zasnovan za termiéno odstranjevanje Zivega srebra s teh prasnih filtrov sistema
pedi za Zganje, adsorpcijo Zivega srebra in ekstrakcijo z Zivim srebrom onesnaZenega preostanka in praviino
odlaganije le-tega [10]. S tem se Zivo srebro ucinkovito odstrani iz sistema pedi, s &imer se znatno zmanj$a emisije

Zivega srebra iz cementarn.

Prah iz filtra sistema pedi za Zganje, ki vsebuje Zivo srebro, se dovaja v sistem ExMercury, kjer se protitoéno dovede
do vrogih plinov iz sistema peti za Zganje in segreje na temperaturo priblizno 400 °C. Potrebna koli¢ina vro¢ih plinov
pedi se obiajno odvzame iz zgorjih stopenj ciklonskega izmenjevalnika toplote. Zaradi segrevanja se v tok
nosilnega plina iz filtrega praha, ki se Gisti, sprosti priblizno 90 do 95 % Zivega srebra, s katerim je onesnaZen
prah. Plini iz pedi, ki vsebujejo Zivo srebro in fini prasni delci, zapustijo zgornjo ciklonsko stopnje sistema ExMercury
in vstopijo v nadaljnji sistem odpraevanja vrogih plinov (pri temperaturi okoli 360 °C). Tu se koncentracija prahu

dodatno zniza s pomogjo kerami&nih filtrimih kartu$, odpornih na visoke temperature. Prah, otigen v ciklonskem
izmenjevalniku toplote sistema ExMercury in prah, ogis€en s pulznimi curki v sistemu odpragevanja vrocih plinov,
se zbereta in vimeta nazaj v ciklonski izmenjevalnik toplote. Odpraseni nasilni plin, ki vsebuje Zivo srebro, se nato
v stolpu za razprievanje na hitro ohladi z vodo na priblizno 100 do 120 °C. V ohlajen tok plina se nato vbrizga
finozrnati adsorbent (npr. aktivni koks iz rjavega premoga, aktivno oglje ali bromirano aktivno oglie), ki adsorbira
plinasto Zivo srebro. Sorbent, ki vsebuje Zivo srebro, se nato od toka nosiinega plina lo& s pomo&jo mehanskega
filtra, opremlienega z visoko zmogljivimi tekstilnimi filtrirnimi sredstvi ter se v skiadu z vsemi predpisi o varnosti in
zdravju pri delu (npr. za$éitna oblagila, dihalne maske, zrakotesne komore) odstrani kot nevaren odpadek. Da bi se
zagotovila najvegja moZna izraba adsorbenta, kar pripomore tudi k niZjim obratovalnim stroskom, se adsorbent

reciklira, dokler ne doseZe nasi¢enosti z Zivim srebrom.

Postopek ExMercury prispeva k hizji vsebnosti Zivega srebra v procesu proizvodnje cementa, tako da iz procesa

odstranjuje z Zivim srebrom onesnaZen prah, ki se odlaga kot nevami odpadek.

Izku$nje iz obratovanja kaZejo, da je mogode, ko je v cementarni v uporabi postopek ExMercury, dosedi stalno
skladnost z mejnimi vrednostmi emisij Zivega srebra v vi8ini 25 pg/m*(Vn) (mesecno povpregje) pri 10 vol. % kisika

v ocicenih plinih.

-
[ 5Prem
') .
i}

anjeJ

=

Z Hg onesnazeni piini iz peti za Zg;

Klinkerja

Postrojenje |
] | | ExMercury
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3.4.2 Opis postopka suhih dodatkov

Druga metoda za zmanjSanje emisij Zivega srebra iz cementarn je uporaba postopka suhih dodatkov. V tem
postopku se v tok izpudnih plinov cementarn kot adsorbent vbrizga tradicionalno aktivno oglje, bromirano aktivno
oglje, aktivni koks ali kalcijev hidroksid z namenom imobilizacije Zivega srebra in njegovih spojin v parni fazi, pri
cemer lahko steCeta tako fizikalna kot kemijska adsorpcija. Zaradi relativno visokega parnega tlaka Zivega srebra
je razumljivo, da je ta postopek mogoce uspedno izpeljati samo pri &im niZji temperaturi izpu$nih plinov (120 do
140 °C). V nobenem primeru pa temperatura ne sme preseci temperature rosis¢a. Hlajenje, ki mu sledi ponovno
segrevanje toka izpusnih plinov, iz ekonomskih razlogov ni praktiéno. Uporaba aktivhega oglja zagotavlja dodatno
prednost lodevanja sledi drugih zmerno do precej hlapnih kovinskih elementov in njihovih spojin kot tudi ostankov
halogenskih spojin, ogljikovodikovih spojin (vkljuéno s skrajno strupenimi snovmi) in drugih. Kot tehnologija na
koncu procesa se mora uporabiti v neposredni blizini dimnika, kijer so temperature izpugnih plinov najniZje.
OnesnaZene delce aktivnega oglja je treba iz toka dimnih plinov odstraniti s pragnimi filtri. Pri tem nastane prasnat
ostanek, ki ga je treba odlagati kot nevarni odpadek. Ta postopek od osebja zahteva sprejem dodatnih ukrepov
(vkljuéno z uporabo zaiéitnih obladil in dihalne zaS¢ite ter namestitvijo zrakotesnih komor na mestih ekstrakcije).
Pri uporabljenih vrstah aktivnega oglja je potrebna previdna izbira materiala, da se prepreéi korozija, obenem pa je
treba paziti, da ne pride do nastanka eksplozivnih medanic. Mietje onesnaZenega oglja v razne produkine mesanice
je treba skrbno pretehtati, saj lahko zaradi razvoja toplote med miletiem cementa pride do ponovne sprostitve
onesnazeval. Prav tako je treba natanéneje raziskati morebitno izpiranje onesnazeval iz cementnih izdelkov (npr.
betonskih blokov), ki vsebujejo aktivno oglie, onesnazeno s teZzkimi kovinami. Obstaja temeljna razlika med trajnim
vkijuevanjem tezkih kovin v stekleno fazo cementnega klinkerja in vkljucevanjem tezkih kovin v sol-gel matriko
cementnih izdelkov. Poleg tega lahko sorbenti, ki se dodajo cementu, vplivajo na barvo cementnih izdelkov in
spremenijo njihovo poroznost.

Pri ocenjevanju ucinkovitosti tehnik za zmanjSanje emisij Zivega srebra prek sekundarnih ukrepov za zniZanje
emisij, kot sta postopek ExMercury in postopek suhih dodatkov, je treba upostevati zadetne vrednosti emisij zivega
srebra, ki jih Zelimo zmanjiati. Ce je vnos Zivega srebra v sistem pe&i mogoée ohranjati na nizki ravni, tako da se
uporabljajo naravne surovine z nizko vsebnostjo Hg in goriva z nizko vsebnostio Hg, sekundarni postopki za

zmanjSanje emisij Zivega srebra niso potrebni.

S skrbno izbiro surovin z nizko vsebnostjo Zivega srebra (npr. rudarske raziskave) ter z doslednim omejevanjem
vsebnosti Zivega srebra v vseh vhodnih masnih tokovih in vzpostavitvijo sistema zagotavijanja kakovosti za
spremljanje lastnosti vseh uporabljenih materialov bi morala cementarna Anhovo zanesljivo dosegati mejne
vrednosti emisij Zivega srebra v viSini 25 yg/me (Vn) (mesecno povpredje). Te ukrepe bi bilo treba okrepiti, tako da
se v zakljucni del procesa vgradi sistem za vbrizgavanje vode pod visokim tlakom, s katerim se temperatura izpu$nih
plinov zmanj$a na 130 °C. To bi izboljalo sorpcijo Zivega srebra na pradne delce, ki se nato skoraj v celoti

odstranijo.

Uporaba alternativnih materialov (npr. nadomestna goriva, sekundarni nadomestki) zahteva neprekinjeno
spremljanje emisij Zivega srebra, s &imer se olaj8a tudi spremljanje vnosa Zivega srebra v sam sistem peéi.
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4 Povzetek in zakljuéna opazanja

Vgradnja sistema DeCONOx v cementami Alpacem v Anhovem bi pomenila odlogilen in najnaprednejsi korak k
zmanjsanju plinastih emisij. Ta tehnologija v evropski cementni industriji velja za prelomno, zlasti zaradi ob&utnega
zmanjSanja emisij NOx in NHs ter doseganja zelo nizkih emisij CO in TOC.

Na podiagi izkuden;j z obratovanjem obstojecih dejanskih referenénih obratov lahko zaklju€im, da ima ta tehnologija
~ po zaetni optimizacijski fazi po zagonu v okviru dalj$ega poskusnega obratovanja — potencial za doseganje
izjemno nizkih povprecnih emisij NOx, NHs, CO in TOC.
Na podlagi poznavanja tehnik za omejevanje onesnaZenosti zraka za cementarne in izkusenj, ki sem jih pridobil kot
s svetovalec » Svetovalnega odbora za varstvo okolja in tehnologijo« avstrijske cementne industrije,
¢  pooblaifenec za upravljanje podatkov za avstrijsko cementno industrijo in kot avtor popisov letnih emisij
za avstrijsko cementno industrijo od leta 1995,
e  ¢lan projektnega delovnega odbora UBA Berlin Dessau pri projektu » O&iséevanje plinov s selektivno
katalitsko redukcijo v cementarni Rohdorf« (Stidbayerisches Portland-Zementwerk Gebr. Wiesbidck &
Co. GmbH, Germany),
e ' ¢lan projektnega delovnega odbora VOZ pri projektu » Pilotna testiranja katalitske redukcije dusikovih
oksidov v izpusnih plinih avstrijskih cementam,
e svetovalec druzbi Kirchdorfer Zementwerk Hofmann Ges.m.b.H., Kirchdorf/Krems, Avstrija, pri zadetni
implementaciji procesa DeCONOx v cementni industriji,
+  &lan projekinega delovnega odbora pri projektu » Ciséenje izpusnih plinov SCHWENK Allmendingen«
(Schwenk Zement GmbH & Co. KG, Germany)«,
e ¢lan odbora za oblikovanje smernic VDI; VDI 2094 »ZmanjSanje emisij v cementamah«,
s predsednik odbora za oblikovanje smernic VDI; VDI 3677 »Mehanski filtri - filtracija vrodih plinov«,
e ¢&lan projektnega delovnega odbora pri projektu » Ciséenje izpusnih plinov OTTERBEIN Grofenliider-
Miis« (OTTERBEIN cement and lime works, Nem¢ija)

in po tem, ko sem pregledal vsa poroCila in razpoloZljive podatke o emisijah, lahko zakljugim, da je mogode z
uporabo procesa ciklonskega izmenjevalnika toplote in najsodobnej$e tehnologije doseéi stalno skiadnost z
naslednjimi mejnimi vrednostmi onesnaZeval zraka iz cementam (glej Tabelo 3):

‘ referéhénigz!.
enota

| =

onesnaZevalo mejna koncentracija opombe

zraka vrednost | |
E— | emisij | E !

skupaj suspendirani trdni delci {TSP) 5 | mg/m3(Vn) | 10,0 Vol.-% |sistem vretastih filtrov, samo linija 2a Zganje klinkerja,
| | | dnevno povpregje |
|skupaj suspendirani trdni delci (TSP) 10 | mg/m3(Vn) | 10,0 Voi.-% ‘elektrostatiéni filter, samo linija za Zganje klinkerja, dnevno|
[ e || —| | povpretje |
dusikovi oksidi (izracunani kot NO2) 150 | mg/m?(vn) | 10,0 Vol.-% |izraéunani kot NOz, dnevno povpretje 3 '
2veplov dioksid (SO2) 20 | mg/m3(Vn) | 10,0Vol.-% Jdnevno povpretje, brez iveplovih spojin v surovinah |
Zveplov dioksid (SOz) <400 | mg/m3(vn) | 10,0 Vol.-% |dnevno povpredje, z Zveplovimi spojinami v surovinah
vodiovklorid (HC) |20 [ meg/m?(vn) | 10,0Vol-% [dnevno poveretje . .
skupni organskioglik (100) | 20 | mg/m(vn)| 10,0Vol-% |dnevno povpretje o
ogljikov monoksid (CO) ) | 100 | mg/m3(an_; 10,0 Vol.-% | dnevno povpretje =
|amonijak {NH3) 20 | mg/m3(Vn) | 10,0 Vol.-% |dnevno povpredje |
Zivo srebro {Hg) (emisije plinov in trdnih 0,025 ‘ mg/m3(Vn) | 10,0 Vol.-% | meseéno povpretje, podatki neprekinjenih meritev ‘
delcev) = ] — | —a =
|dioksini in furani 0,1 | ngre/m? (Vn)_ 10,0Vol. % |povprena vrednost v 6 do 8 urah

Tabela 3: Potencialno dosegljive vrednosti emisij za cementame, ki uporabljajo ciklonski
izmenjevalnik toplote, pni optimiziranih pogojih in po nekajletnem obratovanju
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Treba je poudariti, da podatki v Tabeli 3 predstavljajo okvirne spodnje meje, ki jih je mogoce doseti Sele po
dolgotrajni optimizaciji obratovanja in pri ugodnih procesnih in surovinskih pogojih. Te vrednosti so, zlasti za
dusikove spojine (NOx in NH;), stroZje od trenutno predpisanih za cementarne celo v drzavah kot sta Avstrija in
Nemdija.

V konkretnem primeru nove slovenske uredbe, ki doloéa mejne vrednosti emisij za cementarne, pa so koncne mejne
vrednosti emisij, namesto da bi se dologile na podlagi dejansko doseZenih rezultatov med poskusnim obratovanjem
novih sistemov za zniZanje emisij, dolo&ene vnaprej in fiksne. Poleg tega imajo cementarne za prilagoditev na te
nove in zelo stroge omejitve razmeroma malo &asa — za nacrtovanje, izgradnjo, zagon in optimizacijo novih
tehnologij za zmanjSevanje emisij imajo na voljo le &tiri leta. To je Se posebej klju¢no pri zmanj§evanju emisij NOx
in NH;, saj optimizacija pri teh spojinah zahteva kompleksnejSe postopke in vet ¢asa.

Treba je opozoriti, da se je pri uvajanje tehnologij SCR DeNOx in postopka DeCONOx v cementarnah v zadnjih 15
letih izkazalo, da je dobro, &e upravijavci pred izgradnjo dejanskega postrojenja izvedejo pilotne preizkuse na
lokaciji, s &imer se preveri vpliv dejanskih dimnih plinov na naértovano tehnologijo za zmanj$evanje emisij NOx. To
je pomembno zlasti, ko se v reaktorjih uporabljajo katalitsko aktivni materiali, saj je potrebno zagotoviti, da se
tovrstni materiali ne iztrosijo prehitro.

Glede na opisano mejne vrednosti emisij, prikazane v tabeli 4, predstavijajo najstroZje, v praksi preverjene
mednarodne mejne vrednosti emisij za NOx in NHs za cementarne v Evropi, ki uporabljajo sistem peéi za Zganje.
Odrazajo ravni emisij, ki jih je mogoée zanesljivo dosegi v realnih obratovalnih pogojih, na podiagi dolgoletnih
izkusenj z visokozmogljivimi napravami.

R — .
onesnhaZevalo mejna enota rEferenEm.‘.:’?i opombe |
koncentracija

zraka vrednost | |

| L emisif | L : === S S
\dugikovi oksidi (izratunani kot NO2) | 200 |mg/mi{vn 10,0Vol-% | = e ____]
|amonijak (NHs) | 30 mg/m3(Vn)| 10,0 Vol-% |skupni amonijak (neporabljeni NH3 (ammonia sip) + ‘
— 4L | L |amonijakizsurovin) ]

Tabela 4: NajstroZje v praksi preverjene mejne vrednosti emisif za NOx in NHz, predpisane za cementame v

Evropi
lunterzelcinerGerd Oskar Mauschitz
ostumund ubrzett 15.10.2025, 04:11 (GMT+02:00)
ID Austria
Diases Dokument |st digital signiert
Dieses mit einer qualifizierten elektronischen Signatus versehans Dokument hat gem3R Art, 25 Abs. 2 der Verordnung (EU) Nr.
110/2014 vom 23. Juff 2014 (“EIDAS-VO") die gleichs ie ein Dokument.
ur Pridfung der Signatur finden Sie unter;
TU . ICEBE
WIEN
Gerd MAUSCHITZ

Tehnoloska univerza ha Dunaju

Indtitut za kemijsko tehnologijo Gerd Mauschitz

Getreidemarkt 9/166

A-1060 Dunaj, Avstrija Tel.:
0043 1 58801 166100
E-postni naslov: gerd. mauschitz@tuwien.ac.at

17



Literatura

[1] Locher, F.W.: "Cement ~ Fundamentals of Production and Use", Verlag Bau + Technik GmbH, Disseldor,
(2000)

[2] ONORM EN 197-1: “Cement - Part 1: Composition, requirements and conformity criteria for normal cement
(consolidated version)", 01.10.2008, 36S.

[3] G. Mauschitz: "Emissions from plants in the Austrian cement industry ~ reporting year 2024", Association of the
Austrian Cement Industry (VOZ), Vienna, 32 pages. (2025)

[4] VDI 2094: "Emissions reduction in cement plants”, VDI Handbook "Air poliution control”, Volume 3: Emissions
reduction li (2019)

[5) Federal Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer Protection —
Environmental Innovation Programme, Final report on the project “Combined process of catalytic denitrification,
thermal exhaust gas afterbuming and energy and material recovery from biological waste sludge to reduce
emissions while optimising energy efficiency in clinker production in a cement plant”, Ailmendingen, 128 p.

(2022)

[6] G. Mauschitz, A. Secklehner, S. Hagn: "The DeCONOx process —an example of advanced exhaust gas cleaning
technology in the Austrian cement industry". Cement International, Vol. 16 (2/2018), pp. 34-53

[7] A. Hermandinger: "DeCONOx: Two Solutions in a Single System". World Cement, February 2016, pp. 53-55

[8] H. Reinhold, D. Steiner: "Process-integrated method for reducing the mercury cycle and mercury emissions in
cement clinker production". Energy from Waste, Volume 14, pp. 463-473

[9] R. HarraR, S. Schéfer, V. Hoenig: "Mercury in the German cement industry — a review". Cement Internationai,
Vol. 16 (6/2018), pp. 50-61

[10] S. Kern, F. Salzer, H. Reinhold: "Breaking the mercury cycle for emission abatement with the "ExMercury —
Splitted Preheater System". Cement Lime Gypsum, 9, pp. 38-44 (2015)

18



Y

Stevilka/number: __6324/2025___

Podpisana Helena Vreda, univerzitetna diplomirana prevajalka, Salek 99, 3320
Velenje, Slovenija, z odlo¢bo Ministrstva za pravosodje Republike Slovenije z dne
21.02. 2017, §t. 705-718/2016, imenovana za sodno tolmacko za angleski jezik,
potrjiujem, da se ta prevod popolnoma ujema z izvirnikom, ki je sestavijen v
ANGLESKEM jeziku.

l, the undersigned Helena Vreéa, university graduate of translation, of Salek 99, 3320
Velenje, Slovenia, permanent court interpreter for the English language, appointed by
Decree Number 705-718/2016 of the Ministry of Justice of the Republic of Slovenia
issued on 21 February 2017, hereby declare that this translation entirely corresponds
to the original ENGLISH text.

q

£ ?~ t’zx
; HELENA T\

VRECAr ¢
Salek w9/ n X
VELENJY/

Velenje 14/11/2025 %, s )
N O ; -~

-~



