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The EU-Reference Document for emissions control under the European Union‘s Directive 2010/75/EU at Large Combustion Plants (LCP – i.e at coal-fired power plants – was
finalized in 2017, establishing Prof. Vosteen‘s Bromine-Enhanced-Mercury-Oxidation
(BEMO-technology) as a BAT. In April 2018, the corresponding Waste Incineration
BREF has undergone its final revisions by the Technical Working Group, coordinated
by the Joint Research Centre (JRC) of the European Commission’s Science and Knowledge Service in Seville; for mercury emissions control at Waste Incineration Plants
(WIP) the BEMO-technology was established as a BAT, as well. The following paper
will report about applications of the technology at divers WIP in Germany (since 2001)
and in France (since 2014). A special issue are mercury emission peaks as caused by
unforeseen (sometimes criminal) input of hidden mercury; also this problem can be
handled easily, as will be described again below [1, 3, 7].

The removal of mercury is still a challenging process engineering problem, because the
conditions may differ greatly from plant to plant. Applications of the technology must
handle very small up to very large volume streams of the raw gas to be treated and very
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In USA, lots of coal-fired power plants are served with high temperature bromide addition – e.g. in the form of pre-combustion bromide addition. In 2018, i.e. today, more
than 100 GWel of coal-fired US power plants – which is about one third of the total
coal-based US-power generation capacity – are applying CaBr2-solution constantly onto
the coal or via high-temperature bromide injection into the fire-box (boiler bromide
addition), achieving a cost-effective cobenefit compliance with the stringent mercury
emissions limits of the Mercury and Air Toxics Standard regulations (US MATS). In
principle, mercury emissions control at coal-fired LCP and WIP needs similar tools.
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small up to very large Hg-concentrations changing over time. At coal-fired LCP, typical
raw gas Hg-concentrations of 10 – 50 – 100 μg/Nm3 are quite small, while at WIP such
as Municipal Solid Waste Incinerators (MSWI) or Hazardous Waste Incinerators (HWI)
typical raw gas Hg-concentration may vary from about 10 – 100 – 1,000 μg Hg/Nm3
or even more, while the corresponding raw gas volume flow rates may differ by orders
of magnitude. Last but not least, the resulting raw gas mercury freights (kg Hg/year) of
LCP and WIP may be almost the same – comparing e.g. coal-fired LCP with industrial
HWI serving different customers or with e.g. Sewage Sludge Incinerators (SSI) serving
a multitude of Waste Water Treatment Plants (WWTP).
One of the most cost-effective tools to handle mercury emissions problems is the HgOxidation as performed by the BEMO-technology. Oxidized mercury is watersoluble,
enhancing cobenefit wet mercury capture at wet FGD, and is also readily adsorbable at
carbonacious sorbents, enhancing cobenefit dry mercury capture at both LCP and WIP
– such as Municipal Solid Waste Incinerators (MSWI), Sewage Sludge Incinerators (SSI),
Hazardous Waste Incinerators (HWI) with often rapidly varying Hg-concentrations
in the raw gas to be cleaned.

1. Applications at hazardous waste incineration (HWI) plants
in Germany
Currenta GmbH & Co OHG operates at its Waste Management Center Leverkusen-Bürrig
the four WIP as shown in Figure 1; these are called VA1, VA2, VA3 and VA4 (Verbrennungsanlagen) with alltogether a raw gas volume stream of 150,000 Nm3/h (dry basis).
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Figure 1: Yearly means 2005 to 2016 of the mercury concentration Hgtot at the stack of the Waste
Management Center in Leverkusen-Bürrig
Source: Personal communication on May 19th, 2017, between Dr. Calaminus, managing director Currenta GmbH & Co. OHG,
and Prof. Vosteen
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At VA1 and VA2 (neighboring rotary kiln furnaces for hazardous wastes) the technology
was developed first in 2000 and 2001, and later also at VA3 (multiple hearth furnace for
the Bayer industrial sewage sludges). At the small incinerator VA4 for toxic waste water
combustion, applying oxigen-enrichment, mercury emissions are no issue.
As Figure 1 shows at its diagramm right hand side, the yearly mean Hgtot-concentration
at the common stack was lowered from formerly 20 μg/Nm3 to well below 5 μg/Nm3 (dry
basis, corrected to 11 vol.-% O2).
The SCR denitrification unit behind VA1 and VA2, serving both neighboring plants
together, is a tail-end SCR with a honeycomb catalyst bed downstream of the multistage
wet scrubber system and wet ESP. As described elsewhere, any elemental mercury Hg(0)
penetrating the wet APC-stages of VA1 and VA2 is – before entering the stack – effectively
retained by adsorption and accumulated at the catalyst bed upstream of the stack [4]. In
case of a tail-end SCR, two continuous mercury emissions monitors (CEMs) are necessary to achieve control – one upstream of the tail-end SCR to see what actually happens
upstream of the SCR and the other at stack downstream of the SCR [6].
Main elements of a BEMO-technology installation are shown in Figure 2 and Figure 3.
All you need is a storage tank for the aqueous bromide-solution, a redundant pumping
system with the corresponding tubing up to some injection lances at the post-combustion
chamber (or likewise at the rotary kiln‘s front head) – and of course a quick sophisticated
control circuit.

Figure 2:

Application of the BEMO-technology at the Currenta HWI plants VA1 and VA2 –
Hg-monitoring performed upstream and downstream of the tail-end SCR

Source: Vosteen, B. W.; Chaucherie, X.; Berg, P.; Kanefke, R.: Vermeidung von Quecksilber-Emissionsspitzen in der Abfallverbrennung. In: Thomé-Kozmiensky, K. J.; Löschau, M. (Eds.): Immissionsschutz, Band 5 – Recht – Umsetzung – Messung
– Emissionsminderung. Neuruppin: TK Verlag Karl Thomé-Kozmiensky, 2015, pp. 207-227
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A photo of the storage tank (volume: 18 m3) used at VA1 and VA2 is shown in the associated Figure 4. The injection-lances at the post-combustion chamber are watercooled
lances with two fluid nozzles, installed just below the tangentially firing liquid waste
burners (improved mixing), see Figure 5. In order to start the bromide injection without
delay – when needed, the tubing up to the injection lances is kept filled up at any time.
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burner control VA1

burner control VA2
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Figure 3:

Bromide feeding system for both neighboring VA1 and VA2

Source: Vosteen, B. W.; Chaucherie, X.; Berg, P.; Kanefke, R.: Vermeidung von Quecksilber-Emissionsspitzen in der Abfallverbrennung. In: Thomé-Kozmiensky, K. J.; Löschau, M. (Eds.): Immissionsschutz, Band 5 – Recht – Umsetzung – Messung
– Emissionsminderung. Neuruppin: TK Verlag Karl Thomé-Kozmiensky, 2015, pp. 207-227

tank volume ~18 m3

Figure 4:

Storage tank für the CaBr2-solution
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Source: Vosteen, B. W.; Chaucherie, X.; Berg, P.; Kanefke, R.: Vermeidung von Quecksilber-Emissionsspitzen in der Abfallverbrennung. In: Thomé-Kozmiensky, K. J.; Löschau, M. (Eds.): Immissionsschutz, Band 5 – Recht – Umsetzung – Messung
– Emissionsminderung. Neuruppin: TK Verlag Karl Thomé-Kozmiensky, 2015, pp. 207-227

The injection rate of the CaBr2-solution (52 % by weight) depends on the steepness and
height of the observed Hg(0) rise at the beginning of a peak. Figure 6 illustrates the
typical control action during ongoing suppression of a long lasting peak. The question is
whether the bromide is still needed or not, because the Hgtot-peak is all over. To clarify
this and to minimize the bromide consumption, the injection should be interrupted
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intermediately (Figure 6); if the Hg(0)- concentration upstream of the tail-end SCR
rapidly increases again – due to missing bromination – the bromide feed is immediately ramped up again (Figure 6). During further operations, when there is no longer
a need for bromide, the bromide injection is finally omitted completely until a next
incidental Hgtot-peak will occure – possibly after many days or within the next minutes.
The automated procedure has proven itself practicable and effective over several years.

number of injection lances at the ABC varies
between 1 and 3 (depending on the mixing situation)

injection lance for CaBr2-solution
afterburning chamber

Figure 5:

Bromide injection lances at the afterburning chamber

Source: Vosteen, B. W.; Chaucherie, X.; Berg, P.; Kanefke, R.: Vermeidung von Quecksilber-Emissionsspitzen in der Abfallverbrennung. In: Thomé-Kozmiensky, K. J.; Löschau, M. (Eds.): Immissionsschutz, Band 5 – Recht – Umsetzung – Messung
– Emissionsminderung. Neuruppin: TK Verlag Karl Thomé-Kozmiensky, 2015, pp. 207-227
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Figure 6:

Control of the bromide need on May 27, 2012 at 3:22 a.m. by intermediate interruption
of the bromide injection feed
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Hgtot at stack
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2. Applications at hazardous waste incineration plants
of different design in France
Sarpi-Veolia operates in Europe 14 HWI lines (all with rotary kiln ) – distributed over
10 sites (Figure 7). Since 2014 the BEMO-technology has been tested at most of the
French sites. The testings are ongoing step by step.

10 hazardous
waste incineration
sites in Europe
testings of the BEMO-Technology
already performed at 6 sites
(with 14 lines in total)

Figure 7:

Sarpi-Veolia sites with one up to three HWI kiln lines in Europe

At Sedibex en Normandie, three neighboring rotary kiln lines are operated, each with
wet Air Pollution Control systems (wet APCs), showing in principle a similar design as
the HWI plants in Figure 2 – in principle, but of course there are some important differences: the three kiln-lines all have dry ESPs, but do not have tail-end SCRs; therefore,
only one mercury CEM is needed per kiln-line at stack. The technology was installed
at Sedibex in 2016 and is since then successfully applied at the three lines (Figure 8).
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Figure 8:
Three neighboring HWI-plants
with wet APCs at Sedibex
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This comprehensive text and practical handbook thoroughly presents the control of air pollutant emissions from combustion
processes focusing on waste incinerators. Special characteristics are emphasised and the differences to emission control
from combustion processes with other fuels are explained.
The author illustrates the origin and effects of air pollutants from incineration processes, the mechanics of their appearance
in the incineration process, primary and secondary measures for their reduction, processes of measuring the emissions as
well as the methods of disposing the residues. In particular, the pros and cons of procedual steps and their appropriate
combination under various conditions are emphasised.
Moreover, the book contains information and analyses of the emissions situation, the consumption of operating materials
and of backlog quantities as well as of the cost structure of waste incinerators with regard to their applied control system.
Furthermore, the author explicates the contemporary legal, scientific and technological developments and their influence on
air pollutant emission control. An evaluation of the status quo of air pollutant control at waste incinerators in Germany,
practical examples about possible combinations and typical performance data complete the content.
Accordingly, this book is a guideline for planing a reasonable overall concept of an air pollutant control that takes the
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operating practicioners if for example the construction of a new system or the implementation of improvement measures
have to be conducted.
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9.2.3.3.2 Multi-component measurement by non-dispersive infrared spectroscopy

Fixed mirror

Non-dispersive infrared (NDIR) spectroscopy is based on the absorption of an in frared spectrum wavelength that is unique to the gaseous component to be detected.
In contrast with dispersive infrared spectroscopy, non-dispersive methods do not

Beam splitter
with compensator

Moving
mirror

Focussing
mirror

Sample cell

Light source

Detector
Gas sample

spectroscopy is applicable to multi-component analysis, i.e. the simultaneous analysis
of several emission parameters, and is frequently also used for raw gas measurements.

order now www.

.de

detector
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Calibration filter
Collimator

Sample cell

Light source

Lens
Detector

Figure 242: Measurement principle of an FTIR multi-component spectrometer with a Michelson
interferometer setup

TK Verlag GmbH

Source:
TÜV Süd Industrie Service GmbH, UBA-Texte 05/08, adapted

Chopper

Filter wheels

Figure 243: Measurement principle of a multi-component NDIR spectrometer with heated sample
gas cell

splitter where they are brought together to interfere with each another
in intensity as they recombine. Depending on the mirror displacement, the interference
may be constructive (increasing) or destructive (decreasing). When using polychromatic
light, the interference occurs for each wave length so that the interference intensities
of the individual wave lengths superpose one another [369].

of the target component and are directed by a focusing mirror to an infrared detector
is computed from the recorded interferogram (intensity at detector as a function of
mirror displacement) by mathematical Fourier transformation. For quantitative evaluation, the calculated infrared spectrum is compared with a reference spectrum [380].
An alternative to the Michelson interferometer is the vibration-insensitive RockSolid
arrangement [356].
340

Source:

Boneß, M.: Messsysteme und Analysatoren zur kontinuierlichen Prozesskontrolle und Emissionsüberwachung in

und Betrieb von Anlagen, Vol. 1, pp. 527–538. Neuruppin: TK Verlag, 2010

As infrared detectors can only detect changes in the infrared radiation, they require
a modulated (pulsed) infrared source that is temporarily interrupted by a mechanical

component and selects the spectral region of its absorption band. If several gas components are to be analysed, chopper wheels covering several infrared spectral regions
to calculate the gas concentration, which requires a concentration-independent reference signal for comparison. For this purpose, NDIR analysers may be equipped with
absorption band of the analysed component (bi-frequency technique). Alternatively,
.
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Most other French HWI plants of Sarpi-Veolia have dry or semi-dry APCs. A typical
HWI plant with dry APC only (applying slaked lime and activated carbon) is shown
in Figure 9 and Figure 10.

Figure 9:

HWI plant 1 with dry APC only

Mercury emission control tests

Lime LHOIST SP
AC NORIT GL50

ICL CaBr2 52 % w.

Hg-bombs / HgCl2 1 % Hg w.

Figure 10:

Downstream APC HgT

BEMO-technology as tested at HWI plant 1
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Upstream APC
Hg(0)/Hg(2+)/HgT
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Test runs at HWI plant 1 were performed in 2014 and have already been described. [1]
Therefore, only some interesting results are represented again, (Figure 11, 12 and 13).
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Higher mercury oxidation rates improve dry mercury removal towards 99 % by adsorption at pulverized activated carbon (PAC GL50 of Cabot Norrit)

Source: Chaucherie, X., Berg, P., Vosteen, B.W.: Mercury emissions control in two hazardous waste incineration plants with
dry and semi-dry gas cleaning. In: VDI Wissensforum – 15th Conference on Mercury Measurement and Control, April 15, 2015,
Meliá Hotel, Dusseldorf
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Hg conc. upstream A PC
µg/Nm3 db
2,250
2,000
1,750

Hg(0)
Hg(2+)
HgT
HgT (stack)

Hg conc. downstream A PC
µg/Nm3 db
100
CaBr2 52 % w. 2*7,5 l/h
(Br/Hg = 200)

90
80
70

1,500
1,250

CaBr2 52 % w. 2*12,5 l/h
(Br/Hg = 320)

60
HgCl2 1 % Hg w. (1,500 µg/Nm3 db th.)

50

1,000

40

750

30

500

20

250

10

0
0
08:30 08:40 08:50 09:00 09:10 09:20 09:30 09:40 09:50 10:00 10:10 10:20 10:30
time (2014)

Flue Gas Treatment

Figure 12:

Tests demonstrate that 100 % mercury oxidation can be attained at HWI plant 1 by
applying a mass ratio Br/Hg > 300

Source: Chaucherie, X., Berg, P., Vosteen, B.W.: Mercury emissions control in two hazardous waste incineration plants with
dry and semi-dry gas cleaning. In: VDI Wissensforum – 15th Conference on Mercury Measurement and Control, April 15, 2015,
Meliá Hotel, Dusseldorf
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respect of the Hg ELV (50 µg/Nm3 db) with strong Hg spiking
stack HgT concentration
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Figure 13:

Injection of Hg-bombs into the afterburning chamber to simulate hidden mercury

Source: Chaucherie, X., Berg, P., Vosteen, B.W.: Mercury emissions control in two hazardous waste incineration plants with
dry and semi-dry gas cleaning. In: VDI Wissensforum – 15th Conference on Mercury Measurement and Control, April 15, 2015,
Meliá Hotel, Dusseldorf

In 2014 some tests were performed to simulate also at the HWI plant 1 unforeseen
input of hidden mercury during a whole day, see Figure 13. Any mercury emission
peaks at stack were hold well below 50 μg/Nm3 (actual French emission limit in 2014)
under a constant injetion rate of 65 liters/h CaBr2-solution to the afterburning-chamber.

3. Applications at sewage sludge incineration plants in Germany
The application of the BEMO-technology at the industrieal sewage sludge incineration plant VA3 (multiple hearth incinerator) at the Waste Management Center in
Leverkusen-Bürrig was already mentioned, see SSI plant VA3 in Figure 1.

In 2008, also another, but quite similar SSI-applications of the technology at the two
neighboring fluidized bed incinerators for communal sewage sludge at the WWT
plant Karslruhe-Neureut were performed, see Figure 15, Figure 16 and Figure 17.
Details were already described elsewhere. [8, 9]
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Further applications of the technology at two communal sewage sludge incinerators
in the Central Sludge Treatment Plant of Emscher-Genossenschaft / Lippe-Verband
(EGLV) in Bottrop go back to 2004, see Figure 14. In the past 14 years until today, this
SSI plant with two neighboring fluidized bed combustors (FBC) is operated injecting
a NaBr-solution (45 % of weight) just above the stationary fluidized bed surface into
the 850 °C freeboard.
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Figure 14:
Central sludge treatment plant
of EGLV in Bottrop with two
stationary FBC

Figure 15:
Waste water treatment plant in
Karlsruhe-Neureut with two
stationary fluidized bed combustors (FBC) for sewage sludge
Source: Vosteen, B. W.; Maurer, M.;
Milz, R.; Lehrmann, F.; Schwabe, G.: KNX
and PRAVO – a Perfect Duo for Mercury
Capture – Recent Industrial Applications
in Waste Incineration. In: VDI Wissensforum Seminar Nr. 431806: Messung und
Minderung von Quecksilberemissionen,
26.-27. Februar 2008, see https://www.
vosteen-consulting.de

stack
ESP

WFGC
CEM

Figure 16:
FBC

Flue Gas Treatment

FBC-Unit 2 in the WWT plant
Karlsruhe-Neureut

rotor of decanter
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Source: Vosteen, B. W.; Maurer, M.;
Milz, R.; Lehrmann, F.; Schwabe, G.: KNX
and PRAVO – a Perfect Duo for Mercury
Capture – Recent Industrial Applications
in Waste Incineration. In: VDI Wissensforum Seminar Nr. 431806: Messung und
Minderung von Quecksilberemissionen,
26.-27. Februar 2008, see https://www.
vosteen-consulting.de
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4. Applications at other
waste incineration or
thermal treatment plants

Figure 17:

Bromide-storage tank (NaBrsolution, 45 %) at WWT plant
Karlsruhe-Neureut

Source: Vosteen, B. W.; Maurer, M.; Milz, R.; Lehrmann,
F.; Schwabe, G.: KNX and PRAVO – a Perfect Duo for
Mercury Capture – Recent Industrial Applications in Waste
Incineration. In: VDI Wissensforum Seminar Nr. 431806:
Messung und Minderung von Quecksilberemissionen,
26.-27. Februar 2008, see https://www.vosteen-consulting.de

There are some more applications of
the technology at other WI plants (e.g.
MSWI, thermal soil treatment), not only
including bromide addition for enhanced
mercury oxidation, but also applying
the inorganic scrubber additive PRAVO
(Precipitation Agent Vosteen), which is
a polysulfide – thiosulfate mixture of our
partner PANChemie Dr. Fülöp, Kerpen.
The PRAVO is produced in different qualities – heightened content of active sulfur
to get waterinsoluble HgS –, improving
mercury retention in wet scrubbers and
in downstream WWT plants. [9]. Three
neighboring lines of ENTEGA‘s Müllheizkraftwerk Darmstadt are applying PRAVO
100 since 2008, i.e. since about ten years.

5. Corrosion, dioxins and furans

Up to now, serious corrosion problems
were not observed when applying the
Technology commercially at Waste-to-Energy plants – neither in Germany (commercially since 2001), nor in France (commercially since 2014).
Another issue of interest might be the denovo-synthesis of dioxins and furans, as
also addressed by the Technical Working Group in Seville. It is known, that toxicity
equivalents for a set of chlorine-based PCDD/F are well established, but not for their
corresponding bromine-based PBDD/F or even of PCBDD/F. Therefore, the established
chlorine-based TEQ are used also for the corresponding bromine-based isomeres.

Similar PCDD/F and PBDD/F measurements at stack were recently performed
by Sarpi-Veolia at the three neighboring HWI-plants with wet APCs, operated by
Sarpi-Veolia in Sedibex: Also here no critical concentrations were detected. This
corresponds to the well documented results of a German large scale tests on cocombustion of wastes containing chlorine and bromine in the late 1990s [2, 5].
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As described earlier, both chlorinated dioxins and furans (PCDD/F) and brominated
dioxins and furans (PBCC/F) as well as a limited set of PCBDD/F, for which standards
are available, were analysed in the emitted stack effluents in 2004 at the EGLV sewage
sludge combustors in Bottrop. [5, 8]
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6. Summary
The BEMO-technology is a low-cost technology with respect to investment and running O+M-costs. It has been successfully applied in Germany since 2001 and in France
since 2014 at in total about twenty kiln-lines. Therefore, this technology has recently
been established as a BAT for mercury emissions control also at Waste Incineration
Plants (WIP).
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Several plants in Germany have been provided with this technology.
Figure 8 shows a plant, realised with a dry hydrator for a Ca(OH)2 production capacity
of approximately 3 t/h.
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RDF incineration plant EEW Premnitz / Germany

As alternative there is the possibility to install the dry hydrator close to the additive
can now be injected
2
directly into the reactor without temporary storage in a silo.
Figure 9 shows such a dry hydrator as well as the corresponding WtE plant.
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