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Note

TNO-MEP, the Netherlands, performed this study for |IEA Bioenergy Task 36:
Energy from the Thermal Conversion of MSW and RDF.

The study was executed with use of public information and knowledge available to
TNO-MEP, partly supplied by ThermoSelect.

Results are based on the typical local situation in the Karlsruhe areain Germany.
The situation in Germany may differ from that in other countries. Therefore, this
study may lead to different conclusions about the waste treatment method and fi-
nancial aspects of waste treatment than a similar study elsewhere might.

The author would like to thank the ThermoSelect and ThermoSel ect-Stidwest em-
ployees for their co-operation during his plant visits, the possibility to visit the con-
trol room to analyze online process data, and the information, which they supplied.
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1. Background

1.1 The goal of the monitoring project

This study was performed by TNO-MEP, the Netherlands, for IEA Bioenergy Task
36: “Energy from the Thermal Conversion of MSW and RDF”". The Dutch authori-
ties sponsored the activities through NOVEM and the Dutch Waste M anagement
Association (VVAV).

The study is based on public information and knowledge available to TNO-MEP
and the contribution of ThermoSelect and ThermoSel ect -Siidwest.

The goal of the project is to produce a document on advanced waste treatment sys-
tems to help decision-makersin choosing a system.

Important considerations are:

— Risksand organization structure;

— Reliability of technology;

— Environmental impact;

— Financial aspects.

The Karlsruhe facility study is part of awider project comprising several case stu-
dies by the IEA working group. Other facilities selected for case studies are:

— Robbinsin Chicago, Illinois, USA [9]

— Tirmadrid in Madrid, Spain [10]

— LDHPin Lidkoping, Sweden

— DER in Dundee, Great Britain

— Toshimaincineration facility in Tokyo, Japan

— RCPin Bremerhaven, Germany.

111 Plant monitoring

After receiving permission from ThermoSelect, several visits to the Karlsruhe fa-
cility were arranged. On 28 and 29 June 1999 and 2 November 2000 the operation
of the plant was roughly observed, and discussions with the plant managers took
place.

The final monitoring visits took place on 24 and 25 January 2002 and on 3 July
2002. During both of these visits the control room were visited as well, where dis-
cussions, based on real process data, took place with ThermoSelect specialists.

The waste gasification facility of Karlsruhe was monitored as follows:
— Checking of process operation;

— Study of process technology;

— Study of online process data in the control room;
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— Gathering of process information, laboratory reports, financial information, of-
ficial governmental reports [1] till [4], etc.
— Discussions about the gathered information took place with:
- Dr.Ing. Bernd Hivel, Plant Manager ThermoSelect Slidwest
- Dr. Geert Nyhuis, Sales manager, ThermoSelect S.A
- Dr. Stefan Kutzmutz, manager, ThermoSelect S.A

These activities resulted in:

— Genera plant information: organizational structure, history, general plant char-
acteristics and specification of typical waste composition;

— Information about the process technology: material recovery / production of
clean products and steam;

— Insight into the environmental impact: stack emissions, recycled products;

— Insight into the financia aspects of operating the plant: investment costs of the
most important parts of the plant, operational costs, tipping fees, etc.

Finaly, the information was classified, evaluated and reported:
Calculations were performed to characterize the facility;

— A preliminary mass and energy balance was made, based on expected future
performance;

— Anenvironmental analysis was made in relation to the guidelines;

— Thesimple POT (Pay-Out time) was cal culated, based on the financial infor-
mation.

1.2 The development of the ThermoSelect process

The ThermoSelect processis an advanced thermal waste treatment process, which
minimizes environmental pollution. ThermoSelect claims a closed circuit. Its tech-
nology has been under development since 1992 in a4 Mg/h demonstration plant in
Fondotoce Italy (closed in 1998).

The plant in Karlsruhe was designed as a commercial operating plant and is con-
sidered to bein the final stages of the demonstration. The official approval of the
German authorities (TUV) on 12 December 2001 of all the safety equipment at the
Karlsruhe ThermoSelect plant cleared the road for operating the plant under com-
mercial conditions. It is generally thought this will encourage decision makersin
other countries to choose the ThermoSel ect process.

In Chiba, Japan, another ThermoSelect plant has been in operation since September
1999.

Additional ThermoSelect plants are under construction, while various contracts are
being prepared as well.

The organizational structure of ThermoSelect is presented in Annex A.
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The following amounts of waste should be recycled:
— Karlsruhe city: 75,000 tonnes/year;

Rastat city: 48,000 tonnes/year;

— Baden Baden city 7,000 tonnes/year;

District of Karlsruhe: 95,000 tonnes/year.

The total capacity was set at 225,000 tonnes/year.

Politically, it was very important that the plant should have low emission values (or
no emissions at all) and no residues. For this reason, EnBW proposed to build a
ThermoSel ect gasification plant instead of aWTE plant. EnBW and ThermoSel ect
SA eventualy joined forces: EnBW now owns 25.1% of the shares of ThermoSe-
lect SA.

1995:
In September the approval procedures were initiated for the construction of a
ThermoSelect gasification plant.

1997:
The founding stone was laid in March. The foundation for the building and ma-
chinery was al'so made.

1998:
The heavy equipment and process halls were installed.

1999:

During the first six months of 1999 trial operation took place. Thisresulted in an
optimizing period, which was partly by order of the authorities.

During the other six months of 1999 problems were solved with the desulfuring
equipment, cooling water spray cyclones and concrete lining of the reactors.

2000:

Crane facility deficiencies occurred.

During the last six months of 2000 the sedimentation basins (lining) of the quench
water circuits were leaking. Epoxy glass resin tanks were used to replace these
basins.

2001:

The process was further optimized under control of German TUV. A complete
combustion line was constructed for operation in case of emergency and the exist-
ing flare was changed.

2002:
The German TUV approved the safety equipment of the ThermoSelect plant. The
plant was transferred to ThermoSelect Stidwest GmbH and commercial operation
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commenced (January). In August and September the plant is out of operation for
maintenance. The availability islimited by lack of contractual waste.

121 The organizational structure of the Karlsruhe facility

ThermoSelect Stidwest GmbH owns the Karlsruhe facility. The company employs
the following crews:

— Operation: 25 people (5 shifts)

— Maintenance: 10

— Management and administration; 7

Some maintenance activities are outsourced: analyses equipment, compressed air
and hydraulic equipment.

ThermoSelect Sidwest is 100% owned by EnBW.

122 M SW composition in Karlsruhe

No typical data on the MSW composition in Karlsruhe were available. The waste is
to be considered ‘normal’ domestic waste with aNCV (net calorific value) of 9 —
10 MJkg. Because of the presence of alot of flatsin the Karlsruhe area, source
separation of waste is limited. End of the year 2002 industrial wasteis“con-
tracted”. Addition of thisindustrial waste to the household waste will increase the
NCV of the mixture to approximately 11 MJKg.
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2. The Process Technology of the Karlsruhe Facility

21 General

The ThermoSelect plant in Karlsruhe consists of the following equipment:

— 1nitrogen filled bunker;
— 3gadfiers;
— 2steam boilers;

— 1 steamturbine: pressure: 64 bar, temperature: 485 °C, Power: 12,7 MW,

— didtrict heating equipment.

In Table 2.1, the design characteristics of the Karlsruhe facility are presented.

Table 2.1 Design characteristics of the ThermoSelect plant in Karlsruhe.

9 of 28

Number of lines 3
Capacity per line of waste processing Mg/h 10
Annual capacity of waste processing Mg/a 225,000
Additives

Oxygen Mm?®a 82
Natural gas Mm?®/a 7.2
Water Mg/a 135,000
Other additives Mg/a 6,000
Products

Synthesis gas production Mg/a 215,000
Water (pure) Mgl/a 180,000
Granulate production Mg/a 49,500
Metals Mg/a 6,500
Sulphur Mg/a 450
Salt residues Mg/a 2,700
Metal precipitation products of water purification Mg/a 1,700
Heat recovery

Thermal performance MWt 100
District heating power MwW 50 maximal
Power to grid MW 2,7
Power production MW 12,7
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In principle, the Karlsruhe waste is taken through five treatment steps:
— waste feeding;

— gasification;

— melting;

— synthesis gas cleaning and water treatment;

— heat recovery for district heating and electricity production.

THEFAMISELECT

Figure2.1  Adiagram of the ThermoSelect processin Karlsruhe.

In Annex B acomplete description of the Karlsruhe facility is presented.

2.2 Waste feeding

The process begins with the arrival of the household waste collection trucks at the
plant. Up to 350 Mg per day can also be delivered by train in special containers.
After normal business hours the special containers are unloaded with an automated
transport system. The waste is fed into the bunker by means of waste compactors.
The bunker is nitrogen-inertisated for fire protection. A computer-controlled grap-
ple crane transfers the waste into the feed chute of abailing press. This pressis di-
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rectly connected to the feed channel through which the bailed waste is transported
to the vertical mounted gasifier.

2.3 Gasification

In the gasifier the partly pyrolized waste forms a sloping layer and is gasified with
pure oxygen, which is horizontally injected through and up this layer. Organic ma-
terials are transformed into a synthesis gas in a thermodynamic equilibrium at a
temperature of approximately 1200 °C. A ring of oxygen and natural gas injectors
controls this temperature. Under these conditions (oxygen free, 2 seconds of resi-
dence time), a synthesis gasis formed with atypical composition of:

-  25-42% H,,

- 25-4%CO,

— 10-25% CO,,

- HO.

24 Melting

Inorganic materials are molten in alower horizontal part of the reactor. A number
of metals are volatilized and mixed up with the synthesis gases. This part of there-
actor is also heated with natural gas and oxygen. There, a mineral melt is formed
from oxides of base metals consisting of atypical iron alloy (80%) containing
nickel, copper and traces of other metals. In the melt, the minerals and metals are
automatically separated as aresult of differencesin density. Any residual carbonin
the melt is gasified and mixed with the synthesis gases.

The melt is granulated by awater quench and fallsin abasin. The granulates are
removed from the basin and stored in a special bunker. After transportation to a
sandblasting firm, the metals are separated from the granulates by magnetic separa-
tors.

25 Synthesis gas cleaning

The synthesis gasis treated in a water quench, an acid scrubber and an alkaline
scrubber combined in one tower, a four-stage desul phurization step, and a gas
dryer.

Quench

The synthesis gas from the gasifier is quenched from approximately 1200 °C to ap-
proximately 70 °C to avoid formation of organic compounds like dioxins, etc. Also
some entrained particles and (acid) gases are removed by quenching.
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Acid scrubber
In the acid scrubber, flushing water with pH 3 removes acids such as HCIl and HF
and some volatized heavy metals from the synthesis gas.

Alkaline scrubber
In the alkaline scrubber, NaOH removes carbonates and sul phates and compensates
any acid droplets of the acid scrubber.

Safety pressurerelief

The gas path is connected to awater lock for safety pressure relief. In case of a
sudden pressure rise above 500 mbar, synthesis gasis released to a closed combus-
tion chamber with a complete flue gas cleaning system (quench, scrubber and dry
sorption filtration).

Desulphurization

In the four-step desul phurization that follows, the scrubbing liquid contains a Fe3
complex ion (sulpharox) which is used to remove H,S. In aredox process, the H,S
isoxidized in an elemental sulphur and water. The use of air regenerates the scrub-
bing liquid (Fe2-ion back to Fe3-complex ion). The elemental sulphur is separated
from the liquid by a centrifuge system.

Drying
In agas drying scrubber, cold water with temperatures of 5 to 10 °C is used to cool
(and dry) the synthesis gas and to remove some residual traces of pollutants.

2.6 Energy recovery

In Karlsruhe the cleaned synthesis gas can be used for energy recovery. Energy re-
covery takes place in two combustion lines, each consisting of a combustion cham-
ber with a boiler, an oxidation catalyst to reduce CO, a deNOx catalyst (to reduce
NO,) and a dry-sorption filtration.

The steam boilers each have a capacity of 9.7 kg/s of steam at 485 °C and 64 bar.
The produced steam can be converted into el ectricity by a steam turbine and
generator with a capacity of 12.7 MWe of which 2.7 MWe can be made available
to the electricity grid.

Up to maximally 50 MW of thermal power is theoretically available for the Karls-
ruhe district heating system. In principle, the heat of the quench is partly available
to preheat the district heating system, depending on the temperature levels of the
district heating system. The rest of the heat (but with a maximum thermal power of
25 MW) is extracted from the steam turbine.
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2.7 Water treatment

Water originates from the reaction productsin the gasifier and the water in the
waste. Also water is added in the quench and scrubbers. Water is extracted at
several placesin the process.

Quench water is settled and solids (under which products of incomplete gasifica-
tion) are removed and turned back into the gasifier.

Water from the alkaline scrubber is oxidized in vessels with hydrogen peroxide.
Soluble sulphate and Fe 111 is then formed in a two-stage precipitation process. In
the first stage, NaOH is added to raise pH to about 5.5. With polyelectrolyte, alu-
minium and iron hydroxides are removed. The remaining sludge is dewatered in
centrifuges. The remaining solids are returned into the gasifier. In the second stage,
NaOH is supplied to alevel of pH 9. In aprocess similar to the onein used in the
first stage, heavy metals are removed, producing a cake, which is one of the pro-
ducts of the process. The remaining water is neutralized with HCI and further
treated with an ion exchanger, reverse osmosis, and finally evaporated.

2.8 Use of oxygen, nitrogen and natural gas

For the ThermoSel ect gasification process, the use of oxygen and natural gas (or
other fuel) is necessary. In Karlsruhe a neighboring facility that processes oxygen
and nitrogen, delivers part of its production to ThermoSelect. Nitrogen is used for
purging the gasifier in case of emergency (oxygen content in the syngas > 2.5%).
Also, the fully closed waste bunker is purged with (dry) nitrogen, drying the upper
part of the waste in the bunker.

Since the degasification tunnel is not externally heated in the Karlsruhe facility,
more oxygen is necessary in the reactor to compensate for the heat loss in this tun-
nel. Oxygen and natural gas are injected at three levelsin the process:

— inthe horizontal homogenization reactor to melt the minerals and metals;

— inthe gasification zone of the reactor;

— inthe upper part of the high temperature reactor.
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3. Evaluating the ThermoSelect Processin Karlsruhe

31 Operational experience

Adaptations

In the first thirty months of operation, the plant was further optimized, resulting in

four major adaptations of the original design:

— improvement of the safety control system: replacement of O, analyzers and
computer software (alot of failuresin the original system caused unnecessary
emergency operation, resulting in emissions of the combustion flare);

— stopping of heating the degasification tunnel;

— cooling construction of melt outlet for granulation was changed by using a
copper construction with water cooling;

— replacement of safety flare to a closed combustion chamber with flue gas
treatment.

In Annex B the plant’s 1997 and January 2002 lay-outs are presented, indicating a

number of these adaptations.

These and other mechanical construction adaptations (see chapter 1.3.1) aswell as

limitations imposed by the German authorities resulted in alow availability of the

plant. After the official safety approval of the German TUV, almost all three lines
were in commercial operation for about four weeks. Thisis demonstrated in the

lists of the daily-gasified waste in Annex C.

Author’ s observations

During avisit on 24 and 25 January 2002, the author made the following observa-

tions:

— threelineswerein operation;

— the capacity of the lines was about 25% |lower than designed (7 to 8 Mg/h in-
stead of 10 Mg/h);

— theenergy recovery system was not in operation: no transfer to the district
heating system and no electricity production.

During anext visit on 3 July 2002 the author made the following observations:
— threelineswerein operation, but not all at full load (see Annex D);
— theenergy recovery system wasin operation.

In Annex D, print-outs of online data produced during the visit to the control room
are presented.

During the official approval test of the German TUV (13, 14 and 15 November
2001 and 22 November 2002) all three lines has demonstrated its capacity of 10
Mag/h during 8 hours.

The restricted capacity of the linesis mainly caused by the contractual availability
of the waste. ThemoSelect Slidwest expects sufficient waste will be available in the
autumn of 2002 to operate all lines at full load. During the first months of 2002
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ThermoSel ect improved the filter equipment of the quench loop to improve the
availability per line.

The super heaters of the syngas boilers were replaced in February-March 2002 and
demonstrate its operation as was notified during the visit on 3 July 2002..

Emergency operation

From 25 December 2001 to 25 January 2002, the combustion chamber operated for
8 minutes. Till 17 July it was 36 minutes, which isonly 1.3 % of the official avail-
able time. (46 hours per year of emergency operating is permitted).

ThermoSel ect Slidwest stated that the main reasons for emergency operation over
the last years were caused by failuresin the syngas boiler and in the safety equip-
ment (oxygen analyzers and software).

Recent maintenance and planning

Since week 33 in 2002 the annual revision took place of the Karlsruhe plant (re-
fractory repair, maintenance of valves, pumps, cooling towers, authority controls of
apparatus and electric security loops. The plant has been started up in September
2002. The next TUV-measurements were executed in October 2002.

Availability

In Annex C, the throughput per line per day is presented. According to thisinfor-
mation the three lines operated at a reduced capacity. From 1 January till 17 July
2002 62,000 Mg of waste had been processed. That means an availability of ca
50%. The management expects a further growth of the availability because of in
increase of the contracted waste. It could take another year before the plant will be
ableto run on its designed capacity (225,000 Mg/a).

Evaluation

In general, the Karlsruhe plant isin the final stage of demonstration. Between 1999

and 2002 many problems have been solved. The problems can be divided into three

categories.

— technical problems which are considered to be normal with such alarge pro-
ject, such asthe quality of the basin concrete, failuresin oxygen analyzers;

— problems with authorities about permits; ThermoSel ect states that the authori-
tieslack legal and political experience with this new process, which has also
delayed the commercia demonstration;

— problemswith the original TS-Karlsruhe design, resulting in major adaptations
as described above.

Thefirst two categories are considered normal and partly due to local culture.

Thethird is considered more seriously. Especially the removal of the pyrolysis step

by switching off the heating in the degasification channel and the installation of a

complete combustion chamber with flue gas treatment were major adaptations.

Switching off the pyrolysis step was necessary because part of the waste was not

heated enough for degasification. Due to this measure gasification took placein



TNO-report

TNO-MEP - R 2002/126

16 of 28

the lower section in the reactor, resulting in more methane and oxygen use and
probably more fluctuations in the syngas flow and composition and an increase of
(ungasified) particlesin the first washer.

Installation of the combustion chamber was an ordinance of the local authorities.
ThermoSel ect expects an increase of the amount of waste and an increase of the
availability. Since the latest maintenance stop ThermoSlect expects the plant is
fully prepared to demonstrate its reliability and capacity.

3.2 Financial aspects

Investment and costs of maintenance and operation

Since the Karlsruhe ThermoSelect plant has operated commercially for just six
months, no reliable financia data are available. The ThermoSelect Siidwest
management expects that the losses of the last 30 months will be recovered in the
coming three years.

The total investment costs including the extra costs of the combustion chamber of
the Karlsruhe plant were approximately 110 MUS$ (120 M€). Thetipping feein
Karlsruhe is approximately 115 US$ per Mg.

ThermoSelect Stidwest did not further specify operational and maintenance costs.
A total was mentioned of approximately 8.5 MUSS per year. This means O&M
costs should be 37 US$ per Mg of waste (designed annual throughput).

Income

The income from the productsis negligible. However, it is expected that if the
plant is continuously in operation and delivery of products can be guaranteed the
price of the minerals for sandblasting could rise to 8.5 US$ per Mg. The market for
the other productsis not very stable and has no influence on the financial results of
the ThermoSelect plants anyway.

Data on the income from electricity production and heat supply to the district
heating system of the city of Karlsruhe were not available, but the income can be
estimated at 0.5 - 1 MUSS per year (about 0.02 US$ per kWh).

Evaluation

The income from the products (about 1 MUS$ per year for selling energy) isvery
low, compared to the income from the tipping fee (about 25 MUSS per year), when
the plant is operating at full / designed capacity. This also demonstrates why Ther-
moSelect’ s policy isnot specially focused on energy recovery.

In Table 3.1, the POT (Pay-Out Time) of the Karlsruhe plant is calculated on the
basis of the available estimates. POT is the investment costs divided by the
difference between annual income and operational costs.
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Table 3.1 Calculation of POT.

MUS$/a
Investment [MUSS$] 110
Tipping fee 25
Sale of energy 1
Total income 26
Costs 8,5
POT [a] 6,3

This POT of 6.3 isrelatively low for aplant like this one, but is based on arela-
tively high tipping fee. The tipping fee will be lower, when alonger POT is ac-
cepted. Thisis acontractual matter. These figures shows the process could be eco-
nomical feasible.

33 Evaluation of environmental aspects

331 Emission performance

During normal operation, emissions to the air take place at two locationsin the

process:

— boiler outlets with catalyst and dry absorber filtration;

— bunker ventilation. The nitrogen gasis led to a bag filter for dust removal and a
UV lamp for odour control.

In emergency situations, the syngas is destroyed in a closed combustion chamber
with flue gas treatment.

The German TUV measured both emission sources in August and September 2001.
The results led to the approval of the plant for normal commercial operation.
In Table 3.2, the results of emission measurements are compared with the permit.
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Table 3.2 Emission levels compared to permits.

Normal operation in mg/nm?, Emergency operation
Daily average values
17.BimSchV Permit (1996) Permit 2001 for combustion
Stack 50 m chamber with full flue
gas treatment
Emission Normal Permit Measured Permit Measured
source operation
Dust 10 3 0.6 10 1
SO, 50 10 0.91 50 2.3
NOy 200 70 52.8 150 58.8
Cco 50 10 3.8 100 33
HCI 10 2 0.2 10 <0.4
HF 1 0.2 0.003 1 <0.1
Hg 0.03 0.01 0.007 0.05 0.018
CxHy 10 2 0.68 10 6.6
Cd/Tl 0.05 0.01 0.0005 0.01 0.003
Heavy metals 0.5 0.03 0.013 0.03 0.005
PCD/F [ng/nm?] 0.1 0.01 0.0025 0.01 0.005

In Annex E (and in Annex B), more detailed information on emission levelsis pre-
sented (in German).

The emissions presented in Table 3.2 are considered low and easily remain within
the permitted emission levels. The influence of annual emissions caused during
emergency operation is negligible since a closed combustion chamber with a com-
plete flue gas cleaning treatment has been installed.

3.3.2 Recycling products

The amount of the product stream was already presented in Table 2.1 and is based
on a designed waste recovery of 225,000 Mg per year. However in 2002 62,000
Mg of waste is processed. The amounts and destination (designed and realized) of
the products are presented in Table 3.3.
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Table 3.3 Destination of ThermoSelect products as designed and realized in Karlsruhe.
Product Design Destination Realized in 2002 till 17  Destination
[Mg/a] July [Mg/a]
Capacity 225,000 62,000 Corrected for
225,000 Mg/a
Synthesis gas 215,000 Combustionto n.a Combustion to
production produce heat produce heat
and electricity and electricity
Water (pure) 180,000 Cooling and n.a Cooling and
evaporation evaporation
Mineral granu- 49,500 Sand substi- 13854 50277 Road and land-
late tute (Sand- fill construc-
blasting) tions
Metals 6,500 Metal industry 755 2740 Zn recycling
Sulphur 450 Sulphurindus- 136 494 Production of
try production sulfur acids
of
sulphuric acid
Salt residues 2,700 Filing materials 1609 5839 Al-recycling ,
in (salt) mines Filing materials
in (salt) mines
Metal precipita- 1,700 Zinc-recycling 246 893 Filing materials
tion products of or landfills? in (salt) mines
water purification

Table 3.3 shows that the production and destination is realized in general according
to the design. The amount of product for filling salt mines is higher as expected.
Thisis considered as alocal market situation. The production of metalsislower as
expected. When more industrial waste is mixed with the household waste in the fu-
ture these figures might be different. The results of analyses of the products men-
tioned in Table 3.3 are presented in Annex B.

The market for these productsis not very stable and will have to prove itself in the
coming years as production stabilizes. Although recycling such productsis not very
financially attractive, it offers the advantage of minimizing pollution.

3.3.3 Energetic aspects

In Chapter 2.6, the equipment available for energy was described. Contrary to the

policy of ThermoSelect, in which energy recovery is not atop priority, the energy

availableisrecovered asfar asis economically reasonable.

In practice, the steam produced can be used in four types of equipment (extracted

at 2.5 bar from turbine):

— didtrict heating about 25MW;

— two refrigerators, cooling the cooling water of the syngas: capacity 2* 1.5
MW,

— process water heating 0.75 MW,
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— process water evaporation up to 13 MW.

Evaluation

The ThermoSelect process in Karlsruhe was not designed to produce as much
energy as possible but to recycle waste into useful products. That iswhy the pro-
duced energy isrelatively low. If the ThermoSelect plant isin full operation, every
Mg of waste will substitute about 91 m® of natural gas. In Table 3.4 the natural gas
substitution (also expressed in MWh of electricity production) of this ThermoSe-
lect plant is presented, based on aNCV of 12 MJkg. In practice the NCV is9.0
MJkg. Animprovement of the NCV is expected end of the year when more indus-
trial waste should be mixed with the household waste.

Table 3.4 Produced energy presented as natural gas substitution and electricity pro-
duction of ThermoSelect (NCV of waste 12 MJ/kg).

Natural gas sub- MWhe Natural gas MWhe per Mg
stitution (m%h) m*/ Mg MSW MSW
Natural gas addition -900 -4.8 -30 -0.160
Heat production 3125 16.7 104 0.556
Electricity to grid 506 2.7 16.9 0.090
Total ThermoSelect 2731 14.6 91 0.486

According to the official data of ThermoSelect Slidwest, one hour of operation in
Karlsruhe with waste with a (high) NCV of 12 MJkg will gasify 30 Mg of waste
producing 12.6 MWh of electricity. The electricity consumption of the plant itself
includes the energy necessary to produce 10,240 m® of oxygen; in order to keep the
combustion chamber operational an estimated 10 MWh of electricity is needed.
ThermoSelect calculates that a capacity of 2.7 MW of electricity can be made
availableto the grid.

In the same process, about 900 m*h of natural gas are injected into the process,
producing about 8 MW of thermal energy to recycle the products. Considering the
fact that natural gas can be used to produce electricity in a power plant with effi-
ciencies of 60% (gas turbine with ICC), up to 4.8 MWhe of electricity could be
produced with the natural gas injected into the process. Thisis more than Ther-
moSel ect Stidwest produces right now (2.7). But production of thermal heat to the
district heating system also substitutes natural gas. This amount of heat should
form the basic load of the Karlsruhe district heating system. In that case, about 25
million m® of natural gas (or other fuel equivalents), which is now necessary for the
district heating, could be substituted annually. This means that during 1 hour of
normal operation 3125 m® of natural gas could be saved. From this amount of gas a
modern power plant could produce 16.7 MWhe of electricity.
In future designs of the ThermoSelect process, more energy could be recovered in:
— quench-water loop at atemperature of about 64 °C: 15 MW in low temperature
district heating systems;
— external cooling of high temperature reactor: 2.5 MW.
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4, A General Evaluation of the ThermoSelect Process

4.1 Experience

The history of how the ThermoSel ect process was developed is extensive.

At first, the technology was developed and demonstrated at a small-scale pilot
plant (2 —4 Mg/h) in Fondotoce in Italy. Then the concept was scaled up and fur-
ther developed in Karlsruhe (10 Mg/h), Germany, and Tokyo, Japan.

Throughout more than 2 years of optimization, a number of adaptations were made
in Karlsruhe, as described in Chapter 3.1. A number of these adaptations were due
to typical local conditions and culture and might be different elsewhere. The con-
struction of aclosed combustion chamber will not be required everywhere. The to-
tal environmental impact of such equipment is not that clear. In normal operation
the number of hours of emergency operation is expected to be limited to maximally
50 hours ayear. The environmental effect should be balanced with the high con-
sumption of energy, causing emissions elsewhere, and the high investment costs.
The effect of emergency operation should be looked at in the context of annual
emissions.

The mentioned change by removing the heating of the degasification tunnel should
be considered as an incidental action for the Karlsruhe condition. ThermoSel ect
states, that they will not apply these adaptations in the next generation of Ther-
moSel ect plants.

ThermoSelect has published alist of new orders and possible projects, which are
presented in Table 4.1.

Table 4.1 New ThermoSelect orders and projects.

Country/area Orders/projects

Switzerland Tessin, arbitration procedure pending
Germany Ansbach, under construction

Japan 4 in order, Tokyo in operation
Caribbean area, USA 2 projects

Poland 1 project

Some of these plants will be equipped with gas engines for electricity generation,
which probably will include adaptations in the syngas treatment of the Karlsruhe
concept. This equipment was demonstrated in Fondotoce, which was considered to
be a pilot plant.

The general impression is that ThermoSelect isin the final phase of demonstration
and seems technical feasible. Up-scaling of the ThermoSelect concept, originally
developed in Fondotoce, resulted in a number of adaptations, as demonstrated in
Karlsruhe.
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It might be assumed that in future plantsit will cost less time to prepare the plant
for commercial operation.

The operational experience of the ThermoSelect process can be compared to other
monitored processes. Thisis presented in Table 4.2.

Table 4.2 Operational experiences of various plants.

Plant Location Technology Startin  Through- Operational Remarks
opera-  put experience
tion Mg/a
TirMadrid Madrid, Spain ~ FBC? 1996 441,000 ++ In full operation, >90%
availability over 2 years
Robbins  Chicago, USA  CFBY 1997 446,000 + Plant is out of operation and
for sale. Financial problems?
RCP Bremerhaven Pyrolyses/melting 1997 45,000 - Plant is out of operation and
bath, CFB has been adapted for comer-
cial operations.
WTE Netherlands Grate with extended 1997 284,000 ++ In full operation, 90% availability
flue gas cleaning
Valene Paris, France FBC? 1998 80,000 +/- Plant has been adapted.

Availability of close to 90%
from mid December 2001

Thermo Karlsruhe Gasification 1999 225,000 +/- Just started in 70% operation.
Select Availability is increasing

1) CFB= Circulating Fluidized Bed
2) FBC = Fluidized Bed Combustor

Table 4.2 shows that the ThermoSelect plant is the latest constructed plant and, like
the Valene plant, is not yet to be considered as proven technology.
4.2 Financial Aspects

A POT of 6.3 years as calculated for the Karlsruhe plant islow compared to that of
other monitored plants. On the other hand, the tipping fee isrelatively high.

In Table 4.3 several financial data expressed per Mg of input waste of several
monitored plants are presented. These data are derived from [5] to [10].
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Table 4.3 Financial data per Mg of waste.
Plant Location Through- Invest- Tipping  Electri- POT 0o&M
put ment Fee city
Mg/a  US$/Mg® US$/Mg US$/Mg [a] US$/Mg
Robbins Chicago, USA 446,000 676 64 27 10.2 36
TirMadrid ~ Madrid, Spain 441,000 283 29 28 9.6 26
Valene ? Paris, France 80,000 413 75 18 135 75
WTE Netherlands 284,000 824 99 21 11.7 51
Thermo Karlsruhe 225,000 489 115 1.8 6.3 38
Select ?

1) Mg capacity per year
2) These costs are estimates and have not been not commercially demonstrated.

The data of a new ThermoSelect plant, as presented in Annex F, indicate that future
ThermoSel ect plants will be cheaper than the Karlsruhe plant described in Table
4.4. A new TS plant with a capacity of 240,000 Mg/a should cost about 100 MUS$
(including engineering and ground costs), i.e. about 416 US$/Mg of waste. With
these figures in view, the ThermoSel ect process can become financially attractive,
depending on local conditions and market prices.

4.3 Substitution of fossil fuels

The ThermoSelect process in Karlsruhe was not designed to produce as much
energy as possible but to recycle waste into useful products. That is why the pro-
duced energy isrelatively low, as shownin Table 3.4.

In Table 4.4, the natural gas substitution (also expressed in MWh of electricity
production) of this ThermoSelect plant is compared to a conservative (steam: 40
bar, 400 °C) WTE plant equipped with an advanced bottom-ash recovery treat-
ment.

Table 4.4 Produced energy presented as natural gas substitution and electricity pro-
duction of ThermoSelect compared to a (conservative) WTE plant with the
same waste throughput (NCV 12 MJ/kg).

Natural gas sub- MWhe Natural gas MWhe per

stitution (m>/h) m% Mg MSW Mg MSW
Karlsruhe TS + distr. Heating 2731 14.6 91 0.486
WTE (22% efficiency) 4125 22 138 0.733
WTE + distr. Heating 7250 38.7 242 1.289

The table shows that in a normal WTE-plant up to 3 times more natural gas could
be substituted. The bottom ash of such a plant is not molten, asin several countries
it is accepted as a substitute for sand in road construction. If melting of bottom ash
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is obliged the efficiency for electricity production of a WTE-plant will be reduced
with 10 till 20 %.

According to a calculation of ThermoSelect (see Annex F), more electricity could
be produced than is produced at the Karlsruhe plant. The electricity production
could rise from 0.090 MWe/Mg (in Karlsruhe) to 0.556 MWe/Mg of waste. This
calculation assumes the use of anormal flare and a gas engine with a 44% effi-
ciency, which is considered to be very high for syngas use. Even in that case, a
normal WTE plant can produce more electricity from this waste with 12 MJkg.
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5. Conclusions and General Comments

Operational experience

The general impression is that the Karlsruhe plant isin the final stages of demon-

stration and is almost technical feasible. Between 1999 and 2002 many problems

have been solved and mechanical constructions were improved. Major differences
as compared to the original ThermoSelect Karlsruhe design are:

— the heating of the feeding system tunnel has been switched off, resultingin a
different gasification process using more oxygen (to compensate heat) and
probably resulting in more ungasified particles in the quench loop;

— the emerging flare has been replaced by a closed combustion chamber with
flue gas treatment by order of local authorities. This resulted in more energy
losses and higher investment and operating costs.

The German authorities’ lack of experience with an advanced process like this one
may have delayed the demonstration of this technology.

The formal government approval of the plant’s safety at the end of 2001 may be
considered a milestone in the demonstration of the technology and will probably
result in more international interest.

Another ThermoSelect process isin operation in Tokyo, Japan, And at |east 6
plants are in order and 3 are under negotiation.

Financial aspects

Financial dataon O&M (Operating and Maintenance) costs in commercial opera-
tion are not proven. Compared to other systems, however, these costs seem to be
low considering the costs of oxygen production. The investment costs of the
Karlsruhe plant were calculated at approximately 500 US$/Mg, which is not very
high compared to other monitored systems.

Considering the calculated costs of a new ThermoSelect plant (see Annex F), this
gasification process could be financialy attractive and feasible, depending on local
conditions.

Environmental aspects

In principle, the processis designed to recycle all products (ThermoSelect states:
thermal recycling, closed loop) and to recover the available energy within accept-
able costs.

There are no water emissions from the process. Wash water produced in the pro-
cessis cleaned and evaporated.

Air emissions take place at three places from:

— thewaste reception bunker;

— the syngas combustion boilers;

— the emergency combustion chambers.

The air emissions easily meet all local emission standards, even during operation of
the combustion chambers.
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ThermoSelect products

A sandblasting company located in Karlsruhe reuses the mineral products. This
material is since 2002 also applied in road and landfill constructions. The first ap-
plication can be regarded as atypical local recovery solution. In most countries, the
latter application is also suitable for bottom-ash products from WTE plants (Waste-
to-Energy plants). Generally speaking, the market for these recycled products is not
very stable and depends on typical local situations.

Energetic aspects

In addition to recycling products, the ThermoSel ect process also generates energy.
With this energy fossil fuel is substituted. Compared to common WTE plants, the
ThermoSelect process performs poorly in this respect. The Karlsruhe plant substi-
tutes 91 m® of natural gas (with 25 MW district heating as a basis |oad) per Mg of
waste. Thisfigure can be raised in future ThermoSelect processes with an optimal
energy recovery of probably 25%.

In general, anorma WTE plant with bottom-ash treatment, combusting waste with
aNCV of 12 MJKkg, could substitute 138 m® of natural gas per Mg of waste. This
figure canrise, if the efficiency of that WTE plant isincreased and decrease if
melting of bottom-ash should be required. If district heating is applied as well, it
could rise from 138 m® up to about 242 m® of natural gas per Mg of waste.
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Buainess gims
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Dagrammatic Representation of Company Strusture

Financial Documents

The following documents are altachad:
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PR . R
Novanther 17 2008
¥ Engizh ransindion

Lianguage original
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> English ransiation

¥ tetan lenguage onginal
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237 20006
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B German ianguage ofiginal

Thermoselect's capabilities and expsariense

THERMOSELECT has built, owned and operated & commercial size demensiration facility in
Fondotoceitaly from 1992 untii 1598

THERMOSELECT fizs daliverad a turnbey commercial facility with an annual wasie tresiment

capacity of 228'000 tans to the German Power Provider EnBW (Energle Baden Wirllemberg) in
Karisruhe/Germany. The plant started ageration in spring 1999,

THERMOSELEDT has deliversd the tfechnology and eguipment for a commercial Taciity with a
capacity of 100000 tonsfa i Chibaflapen. The plant is owned by the Japanese
THERMOSELECT licensee, Kawasaki Steel Corporation. The plant stared operation in autuimn
1994,

THERMOSELEST is cuirentiv erecting a iurnkey facility with an annual waste reatment capacit
4 7

of 75000 tonsfz  for the TAE {Thermische Abfallentsorgung  Ansbach  GmbH) in
Ansbach/Germany.

THERMOSELECT is generadly interested algo in BOO contracts, n Europe there are already o
Projects where THERMOSELECT is involved as investor and Operaier,

in Swdtzeriond THERMOSELECT wili bullt and operats s own plant in & consoriium oindy
with the EnBwW

in Germany THERMOSELECT wilt have a major part of he shares of a government
onerating company for & THERMOSELECT plant

iIr both cases THERMOSELECT will ensure the finarcing of ihe invesimeant,
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ing technoicgy -e THERMOSELECT process- has

Over the post (‘ecadc_—‘- an innaovative waste

heer develoned, proven i a large scale demonstration faciity and commerciatized b th,

THE F\Pn“m_LEC .' 5.4 company. Solid wastes, including M3W, ere continuousty processed in ¢

sed oxygen blown gasification and residue meling reactor ic achieve 2 maximum recovery of

recyctable raw meterials, with simullaneous uiillization of ihs CE'lPﬁ‘:iCSI anargy ceniained within the

waste material and minimum mpact tPe environment, Commerciz! plants have been recenily
eraecied In Karsruhe, Germany, and in Tokyo-Chiba, Japan_ The Karisruhe plani has a2 wasie
treatment capacity of 225600 Mala and the Chiba plant of 100'004 Ma/a.

The waste is compaciad in a high pressure press and fed in discrete packages into a degassing

chamnnel, During a period of 1 to 2 hours —ihe tme 2z package needs fo avel through the channel
beirtg pushed by the subsequent packages- the material iz dried and arganic fractions are converted
ic gas and char. Downstream of the chanrel the miaterial entars a high temperature reactor. The gas
phase residence time i3 2 o 4 seconds and {he gas dischiarges at 1200°C ensuring that all orgpanic
compounds are decomposed. Cordrolled quandities of cxygen are fed inic the reactor io convert the
char at nigh temperature 0 a2 synihesis-gas mainty comprising a miture of Hy, CG, H0 and CO,.
Using oure oxygen instead of zir dramatically reduces the apparatus size of the reactor, pining, and
gas cleaning and sscondly avoids any NO, formation.

The inorganic compaonents of the foad are maolien at temperatures of 1606°C — 2000°C and oxigized.
ai. forms mineral chip and iren rich

The molisn material Jovs Info @ water quench baily where the matert

metal peilels which arg magneiically separaled for recycling.

The hot synthesis-gas is passed into & rapid water guench in which it is cooled below Y0°C hence
avoiding any re-formation of organic compounds. The gas is then purified by means of conventionad
sCrupbing processes. in the Karigithe olant, the reaied synthesis gas s used ag fusl in 3 sizam
genarator. A steam furbine praduces enough electrical power to cover the naeds of the plant as well

I

as a surpius being injected into the ocal nedwork, Furthermore, a large amount of heat is delivered o
& loval distret heating netwark
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2 Process Descriplion
The THERMOSELFECT Rescource Hecovery Facility secovers pure synthesic gas, useabie vilreous
mineral substances and ron rich materials from mixed wasies such as Muncipial Solid Waste (M3W)
and Commerciai and Industrial Wastes, In an uninterrunted recysling process the organic wasts
frections ore gasified and the inert meterals are simullansously molied down. The subseguant

pucification of the synthesis gas and process water vields clean water, sall, Zing concentrate and suliur
qwa [0 be

zs producis. In contrast o olber processes, no ashes, slags, ineris, chars o fiter dusls |

iepoaited it g cosily rmanner or subjecitad o secondary frealmeni. A process overview s depictec i
fy P :

2.1 Waste Faod System

ivi the first process step the untreated as received municipal solid waste is discharged divectiv inte a
siorage bunker. The bunker has storage capacily for about & week and is used o dampen oui
fluctuations in waste receival cycles. A grapple crang is used 1o transfer the waste to the feed cnute of
the bailing press. The press in turn compacts the waste, distributes liquid within the ball ang forces out
the residual air (nitrogen battast). Dense waste plugs are thus formed which are fed one after the other
into the degassing channe! of the reactor. These waste briquettes also forin the scal of the reactor at

ine mletl.

2.2 Gasification of wast

The press is directiy connected to the degassing channel. The channels cross seciicnal ares
increases siightly as the gasification reactor is approached, which eases the movement of the waste
okigs and ihe trensportation of the gases {evaporation of water, pyrolysis and synthests gases) from
the wasie into the reacicr.

Radizted heat from the gasification reacior initiates the waste drying and decomposiiion processes in
the degassing charnel and are brought to compietion within the reactor tsell (Figure 2). The drieg and
charred brigueties emearge from ihe degsssing channel and are exposed o steam (fram water in the
wastel and controlied injection of pure oxygen as the gasification madium

All organic materizls in the waste ars frans-formed

1

into a synihesis gas with 2 composition that refiects

the ermodynamic equilibriam of the emperatiue at Gsnch
I

the top of the reacior (approximalialy 1 .

The high e ;spera‘urn oxygen free eavironment and jenpersture |
:

Corygan Lason
Positions

loing rasidernce dime of 2 seconas in the upper part of Resster
the resctor ensures that only small molecular soacies
2
prime constiiuonts of the synthesis gas. The MEn

such as Hy, L 20, and MO leave the reacior as

prevaiing exothermic reacticns ocoutring in o uoper

part of the reactor are: g

i, 2 00

Homodasnization reactor

Figure 2 High temperakitre raacior
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Ader gasification 5t a gas exlt temporaiurg

of H15803-1200°C, & synihesis gas is e e e e et o A e o+ e o 1o ronn
ohiained being typically composed of 25- S P PP =

| 200 AN T

42 Vol-% M, 2542 Vol% CO, 1625
Vol-% G0, ang niffcgen {Figure 3
depending mainly on the waste input
compogition.

Figure 3 Calculated High Temperature Eauilibriagm
Composition

2.3 Hielting of inorganic materiais

in the lowser part of the reactor all metallic and mineral compenents are molten. Metals such as
mercury, zing etc. are volaiilized at the high temperatures in the lower patt of the reactor {locally up to
Z000°C) and are extracted with the synthesis gas. The oxides of the base metals form a mineral melt
in the lower part of the reactor as shown i Figure 4. Simultaneously oiher metals arz also molten
down. A typical iron alloy is formed containing nickel, copner and iraces of other heavy metals. The
typical iron content is mors than 80%.

The mineral and meta mels collect in the lower homogenization reactor, which is heated with naturat
gas and oxygen. A two phase flow occurs in the meit uh ihe minersis and metals separating
automaticaily as a resull of the differences in relative dansity {RD 3 and 7 respeactivaly). Any residual
carbon in the maitis aynibesized o furthar syngas

The moilen substances are then
granttated by water guenching and
exiracied from the guench hasin
using a  buckst elevator. The
differerce i heat  conductivity
netween minera and metal melt
restifts i the itwo  producis
avtomaiicaly granuiating separs

within ihe sams qi.:enc:h basin, Ths

metal granules can be separated
frorm the mineral  granules by
magnetic soparaions.

Figurs 4
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gas sleaning

The syntnesis gas passes through a water quench, acidic scrubber, ailialing  scrubber,

i

tiont and ges drying stages.

L

desulpinris

High Tereperature Rea
Firstly the srude synthesis gas exits
the reacior at anproximiately 1200°0
and flows inic & walsr jel gquanch

wherg it i cooted aimosi

instantanecusly (o about 78°C. The
shock-ike  cooling  svoids  he DeuAssing Lhannel
formation of dioxins, furans and othar
organic compaounds from slemeantary
maoiscuies in the syngas due o the

e novo Synthesie back reactions _ i

(Figure 5}, De novo  synthiesis  Dioxine, Furans sontained i . .
i i i the wasls < ) Shadk coaling

resctions are known 1o occwr in i ¥ freezes high

femperature siate

. . A N P . . .
wasie heat boilers where a slow Total dastruciion
cooling in the range fom 400°C fo 1200 - 200C0C

- - L . Residence Time > 2 sec,
z280°C of flue gases with chioring

compounds, uncombusted  organic
molecules and catalysts such as dust
wili result in dioxin formation.
Measurements have proven that this is avoided in the THERMOSELECT process. Enirained pariicles
such as graphite and mineral disis are also separated out in the quench.

The gas palh is connected to a water lock tank serving as a safety pressure relief device. In

Figure § Destruction of organic compounds

ase of @

(¥

e
I

C
sudden prassure rise above 590 mbar in the gasifier, for example due to a propane bottie burst, th

synitnesis gas s relieved to the safety ilare where 1 is combusted.

Following the auench the eynthesis gas flows through an scidic scrubber where furiner HCH and HF

acids are removed. The acid conteni of the gas depresses the fiushing liquid of these scrubbars 1o

s}

)

\.ﬂrmf‘H resulls in the volatilized heavy metals and their compounds dissolving as metal lons
V feaker aoid formers such as Ho8, 30,, and £0; do nof dissoive 2t this pH value.
he acid sorubber is fot%cwou by an slkaling sorubber which vses MaGH in sclution 1o knock cut any
residuai acid Eguid dreplets. 1 he aikaline solution contains traces o1 the jons HCGy, R8O, anc HS
The synthesss gas is then passed through a desulpburization process. The scrubbing liquid containg
Fe-ii complex (Sulferox) which is used to ramove the H:5 from the gas. The process allows the
onversion of the H:S into elemental sulfur. The process is 2 redox-process in which the Hu,G is
u:madu ed tn elemental suifur and water by the canvearsion of the Fe-lii into 2 suliur Fe-li complex. This

COvErsion procsss takes place within the Sulferox sorubber. In a regeneration unit, the sorubbing

fiquic s then oxidized by blowing alr through it which converts the Fe-il back into the Fe-lli complex,
Elermentai suliur precipitates during this stage which is removed from the liguid by means of 3
centrifuge system.

Following desslphurisation, the dew point of the gas is lowered by direct contact with cold water in ¢
gas drving serubbar. The lowerng of ‘he gas dew point prevents candensai%on in downstraam
cguipment such as the nower generation infrastructure and also removes residual races of vaperized

\_Ca\;" wistais,
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rooess waler freatmontd

The orocess waler originates from the condensed water vapour inhorsnt in the orocessed wasle and

from the reaction products of the gasffication ocrocess. Other smal orosess waler streams are
genarated from the gas sorubbing processes,

-

The water from the quench clrcuit s zsttied, solids are removed and refurned back g e high
iperaiure reacion.
& water from the alkaline scrubher, wiln fraces of hydrogen sullide dissolvad in |, is fed wmile vesseis

ana oxidized using hydrogen percxids. Soiuble suifate is formed and prevenis the evolution of Hy5
1as 0 later procsssing stages Adso Fedl s converted o Fe-llf which assisie in subsequent

recipitation steps.
A two stage precipitation then takes place. In the first slage NaOH is adced to raise the pH lo abouw!

5.5 Al this point aluminum and ron Hvdie m!ues precipitate wiich are setlled out with the aid of &

polysleciolvie. The sludge is capiured and dewalerad in centrifuges. Again, the solids are returned to

the high temperature reacior

In the second precipitation stage the pH is raised to about 9 through the addition of NaOH. This

causes heavy metals such as zine to precipliete as a hydroxide, which wogether with the addition of

podvelectolyte is sattled oul. The resuitant sludge is dewatered by separate cenirifuges. The resuliant
ske is a proguct of the process.

The next process iz a neutralization steg in which the ph of the water is reduced to 7 with the addition

of HCl acid.

Thereafter the water is passed through an lon exchange unil. The lon exchanger reduces any rasidual

concettrations of multi-valent ions such as calcium and traces of zine and other heavy metals. The

metal ions are exchanged for sedium ions. The regenerate from the ion exchanger is reiumed 1o the

firsl precipitation step. The increasaed conceniration of ions in the regenerats will allow capture of these
residual ions 0 the subseguent precipitation processes.

in the fingl siep the process waier iz passed through a reverse osmosis and then thiough an

svaporstion unit. Condensing clean water is reused in the plant. The remaining sait s extracted by

centrifuges and ig a product of the process.

Jut

£ Synthasiz gas uiiisation

Thare are mulliple end uses o the ouitlied synthesis gas’
Hydrocarhon produchion s.a. Fatrol
o Hydrogen e.q. Fuel calls, gas enginas
mimcnia praoduction eg. Fariilizers
Mathano! manufzciure 2.0, C wemical indusiry
s Elactricity e.q. gas engines, steam boller and turbine and combinad oyele onlions, gas turbines

&
e T’
o)

The chnice ower generating sguipment s dependent on the price of powar. Higher power
o & g =g . g

lency processas would need (v be supported Dy higher electricily prices. The Karsruhe

ganersing ¢

o

plant synihesis gas uiilisation is desoribed @ chapier 6.1,

a7, Cfxygms‘n in racuired as the
gasification medivm and &
atmasphars inertisation during maintenance and compressed air is

Er\,i,ﬁCG fo CUD‘”"O sauipmeant.
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The miraral and metal granulaie e stored in & bunker storage. The bunker s equipped with 2 joading

cransz,

3 Technology Baturity

The THERMOSE

assesxed orocessas in the word, All assessmenis have bsen carrded cut by 10 independent

1LECT Resowrcas Hooovery Faoility process nas been one of the most exhaustively

including the German TUY

Governmant audit authonties from Gormany, Swil
{(Technischer Uberwachungs-Verein) and several Universities. A wealth of information exists on the
Journal paners (ses chapler 81

process, docwmanied in hooks and Inter This axtensive

ndependent svaiuation process has been undetiaken primarily to satisfy community and governmsnld

1]
/

ercaptions on emerging techinologies. THERMOSELECT has shown that combined gasification and
smigling of the incrganic fiactions of waste is a desirable alternative to Incineration since i does not

create dioxin contarninated dusts, ash, slags ang
An indapendent audit of emerging technologies revolving around pyrotysis and gasification has been

fitte gases.

undertaken by Juniper Consultancy Services Ltc. {Sheppards Mill, Uley, Gloucestershire, GL11 53P,
England) in January 2000, culminating in the report "Pyrolysis and Gasification of Waste, A Worldwide
Techrnology & Business Review”. Over 100 companies were identified that are developing
nyrolysis/gasiication iechnologies. The report identified THERMOSELECT as the leader in the field in
commaearciafizing the technology for MSW and that has been able toc account for all elements of
emissions and the quality of products.

4 Input Quality & Quantity Flexibility

Svngas Flowrate at Norma! Conditions

The chemicai composition {uitimate and proximate
Vaste £ 6 67 2 ¢ 1112434 (1000 Nm3h)

anaiysis) of the waste will delermine the cuality and

) S , Heating 11 1 |
amourd of raw gynthesis gas. This in trn will Ve P
LUNIELT] !

defermine the sxient of gas refining reguired. it has
neen shown that the autorated nature of the i8eea
THERMOSEL
devistions in wasle quality {for example water

procass adjusts itself ia any 1o |

_ ) 15000 §
conient). Also, within reason, the quaily of the g

oroducis produced has been snown to vary very

itie as the waste scurce is changed from one o
snother,
Une significant advaniage of the THERMOSELEST

process is e flexibility ic handle raw as recsivad

waste of varicus kinds. Large bulky ftems (s.q.
furniture) may be shredded and tpped info the

DUNKEY.

Liguid wzstes such 25 sawage siudge ele. can &
be orocessed. They are metered inlo the high

temperatye  rasctor  fogether with the recvcle

streams e the transiion ssction behwesn the 12
degassing channel and the reactor, Troughput (ot

Figure § Synthesis gas oroduction

A BAglang 2001
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The process can 2150 treal industial wastes. The Chiba plant in Japan has been specially configurad
for this.
The canaciy range of a therma! irain s denicted in Flawe 5 as funiction of waste heating valus. The

pp(““ pound of the orocess is the capaciity of ihe gas
equinment, wiereas helow the lower bound ih

zhbing and process walar reatment

secondary fuel becomes axcaessive.

5 Heasource Conversalion

ERMOSELECT Besource Recovery Faciiy was concewvaed 33 & mesns 0 recover the

maximum possible penafit out of mixed wastes that cannot be economically recyaled. Tha process 18
for the cortinucus procassing of mixed wastes with the primary goal of achieving the highest possitle
inle producis 2t the lowest possible ecological colivticr level, with

deid of high quality recyola
simultaneous utilisatics of the chemical energy contained in the waste.
The products that are manufaciured together with thelr reuse potential are:

+  Mineral granulate rsused ag gravel substifute in conerete, as shol blast o as road base
= Metal granutaie recycled inte the metal industry

«  Sulfur reused in the suffuric acid and fertiiizer indusiry

¢ Zinc concenirate reused in the zing smeliing indusiry

s  Balreused ir: the chlorine manufacturing mdustry

+  Water reused in the process

s  Synthesis gas sither converted (o further chemicaiz or power

Dxygen, Maturad Gas, Sddifives

514 kg

Puvitied
Synthesis
Gzs
Wieate 350 kg
SO0 S =,
fREmarats Suwifur  Ziee- Sait Chan Water
230 kg % ke Cuoncenirate 10 kg 350 kg
3 kg

oo

N A Wl
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& THERMOSELECT faciiity in Karisruhe {Germany)

The THERMOSELECY faciity in Karisruhe (Figure 7) is equipnad with 2 thermal iines for wasia
treatment. Each Bne has a nominal throughput of 10 :“J%ghh a biief operation with up 0 50% excess
capaciy, howsver, is possible.

s bumber of thermal ines 3

= Mominal capacity per line 10 Mgh
e Annual avaiability 7’504 bz

= Annual capacity 225000 Mgl
e Thermal performance 100 MW
¢ Thermal performance {incl. naial gas) 1042 MW
= Gross synthesis gas performanae 67.6 MW
& Thermal power of steam generator 831 MW
s District heating power {condition for approval 5G MW - n
= Process heat — own requiremeanis 57 WMWY
= MNumiber of steam generators Z

+  MNumber of steam wwbines 1

s (Gross power generation 2.7 MW
= Net surpius power 2.7 MW

in Karisruhe, the waste is delivered by trucks ana frain. Vehicle scales at the entrance record the
quantities deliverad by truck and transmit the resulis to a ceniral data acquisiiion systermn. By train, up
ke 350 Mg of wasie can be delivered daily and are handled by an automated container terminat.

The waste is introduced into the wasie bunksr by means of waste compactors (olunger and ped
system}. This type of feed mechaniem snsures a nearly ai-ight sealing towards the environment. The
pitrogen inerlisation of the bunker is an efficient and meanwhila proven fire protection measure. The

ne exciuded under the alcvementionsd

ocowmence of a fire within the bunkor may thus genaralh
sondiions. Louversd walls ars instailed above the funnel-shased wails of the waste compactors for ai
extraction. Tnis air flow is routed through varicus dedusiing and odor reduction siages before | is

discharged through the outer chimney WUbs fogeiher with the nifrogen used in he inert process.

water cloaning are descoribad

The thermal reaiment of waste, synihesis Qas purification and proces

= pegoicrs iz ouilized n two sleam

cos and a DENOX calalyst with urea

generatorz. Ap oxidation
injection io reduce the NOX emissions are installed upstream of the feod water preheater. At nominal

load, 19.3 kg/s of stearn are supplied o the stearn tirkine at a pressure of 84 bar and a lemperatire

of 485°C. The steam twbine generales 127 MYV of slscirical power, 2.7 MW of which are Ted as
IS5 A Pl 20300 11



surpius inio the iocal electricity grid. Up to 50 MW of thermal power are furthermore fed into the district
heating nebwork. The district heating water is preheated with the thermal powor of the quench cooling
ractad from the

e

water circuit and then raised fuither to the requived supply famperaiure whit steant axi
stearn twrtine.

in case of a synthasis gas consumer maifunction, the synthasie gas generated is sately combusted in

2 closed combustion chamber. The flue gases are shook cooled in a rapid water quench to avoiu & ds
wove synthissts of organic compounds, end then pass thrcugh an alkaline sorunber and a dry-sorption

filtration unlt, before being exhausied via the chimney of iha facilly, The emission vaides are repoied

arding via the contnuous emission control system to the responsibie aothorily, as during normal

operaiion.

5.2  Oxygen and pifrogen generafioh

The alr separztion facility supplias ¢
and nitrogen for the inertisation of the waste bunkers and components of the facility during the stariup
and shutdown processez. Contrary to the initial planning, the facilily was separated from the
THERMOSELECT plant and instalied as an independent facility augau"t 0 the ares where the plant i3

aperated i such a way that the THERMOSELECT plant may be supplied with the auygen and
nirogen auantities required under all operating conditions without any inferruption.

n for she gasification process in the high tempsratire reascion

6.2 Planning and erection of the plant

The iniial planning of a conventional combined waste heating and power station in the arsa of the
Rhine harbor/Karisruhe was abandoned alb the end of 1694 due to the convincing experience gained
from the operation of the THERMOSELECT plant in Fondotoce/laly. The approval procedures for the
new plant concent weare nitlated in 1985, the approvai was granted in Oclober of 1886, The remedial
treatment of historical burden on the estate previcusly used for the storage of ol and fuel was carried
out in paralial.

0 eariy 1987, the piant design was modified, since the air separation facility - which was up o that
time t@grafzed - was ¢ be erected zdjacent to the plant as an indepandent facility 1o supnly both the
=CT plant,

2

lisiriot andg {2 ensure 2 continuous suoply of Gxygen and nitragen o the THERMOSEL

-

& costly securing of the construsiion site started affer the founding stone was {aid in March of 1987,
prent as well gs ihe

with the driving of piles for the foundstons of bulldings and machinery agu
insiaiiation of sheet piling for areas down o 12 m {oranuiate hewn; in July 1297 the ectusi conorete

-

nanis was carried out in January 1088, the eraection of

work started. The erection of tha neavy compo

£

the process halls was complated in the first nalf of 1988 and the remaining construction work end of
1988, The siariup prerequisites for one process line were established in December 18928,
Deficiencias of the crane faciities and bad quality of the sedimentation basins {concrets and PF paneal

Hialisle Y tegraied into the guench water circult wers responsible for & slart ug delay of approd. 3

months and have ultimalely resuitzd in the need o remedy this speoilic functionsl aras after an

oporation of approx. 1 % years {ihe {UF:‘I'!Ch waier s akage could not be stopped even
r’ ¥ {
ore CG;"‘.":D‘J—:‘.’Q@‘;—" ;'epiar:re by .‘:m:{y-gﬁaes

. nowarranty, ihe s 3
resit tanks in August/Saptember/Qctober 20001,
The irial operation that was officizlly monilored by the authorities during the first half of 1496 resuited

i a riumber of findings and condilons imposed which had fo be processed on a siep-by-sien basis,

Aaief T 12
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accomoanied by the experis from the antharities In the following, the eszential experience gained is

outiined and axplained.

6.4 QOperation axpernence during starl up

The targst during the fis! operation was to systematicatly lest all compenants of the fackity and o

optimize these, taking inic account the ordinances imposed by the authorities.

June 1805
s Replacement of the surge tanks used as a flame and gas amrssier by nitrogen injection tibes on
ing authority)

»  Refrofitting of startup lines for 2 further reduction of the emissions during stariup {ordinance

the basis of the Veniud affect {ordinance imoosed by il

mposed by the approving authority)
s Retrofitting of salt decanters (customer request for a modilied consistency of the salt)

»  Retrofiting of melt cutiet armoring for a high meiting performance (cusiomer request}
s Adaptation of the melt cutlet cooling systam to the increased melting performance

August-September 1599

The waste sulfur values were higher as expected (up to aporox. 100% higher than the values
stipuiated in the confract) and made the instailation of additional desuifurization capactty necassary.
The integration of a dry sorption siage downstream of the synthesis gas utilization for a micro-
purification of the fiue gas resulted in a higher safety margin in respect io the exiremely low values
stiputated in the operation permif.

Uctisher-Novamber 1299

The original safsty flare used for ihe elimination of synthesis gas in case of & malfunction of the
synthesis gas utilization exceeded the suthorized ~ extremely low — emission limits for heavy metals.
In an attempt to reduce these emissions, cold water spray cyclone systems were installed into the
synithesis gas path upsiream of the flare inlal.

Dacember-January 1929/2000
The strong alternating thermo-machanic loads resuiiing from the frequent startup and shutdown of the
facility during the Wial operation made the renswal of the refractory in the high temperatre reactors

necsssary.

Sty 2000
A routing repiacement of the granuiate basin heal exchangors and the repalr of the sadimastation

basih {ouench cirouit) was carried oul.

August 2000 - July 2007

The corcreie sedimentation basins with PP giate lining failed o be permanently teak-tight as a resuit

of indtial manufactiring daficiencies {noliow sections in the concrete bensath the FP liniag) and thus

had o be replaced with epoxy-glass resin tanks.

The safely fiare was replaced by & closed combustion chamber with downsirsam gas sorubbing

including a rapid water quench system, alkaline scrubbing and dry sorplion fitration.

Y
[
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6.5 Karisrube plant products

Synilwsis gas {approx. 215000 Mgla)

Heat and eleciricity are produced in 2 powser plant on site. An elsctnicity surplus of 2.7 MW is availshie
to the iocal power grid and up 1o 50 MW thermal power 5 delivarad o g district healing nstwork.

Eure watsr (aporox. 180040 r;,f

All water streams created during the precess from the meisture of the waste, the reaction preducts and

—t

e auxillary water are processed and purdied in the process walsr trasiment syster. The iotal

mciirt s used for cooling purmnoeses within the plant and is evaporated in hybrid ceoling towers,
& ap g

Grantdais {mineral 49'504 Mg;’a, reetal 5500 Mg/a)

The mixed granulate produce the high temperaiure process {¢f. tables 1 and 2j is magneticalty
separated info its minaral and meial constifuante. The ronrich matal fraction is used iIn the metal
indusiry. The insrt vitraous mineral granulate is villized 25 sand biasting agent, grave! substitule for
concrete of as road bed meterial. The customer for the granulate in Karlsruhe is the company

Weisenhurgar.

Seubfur (450 Mg/a)
in the synthesis gas purification, elemental suliur is produced mixed with residuai carbon (cf. fable 5).
The sulfur may be used industrially for the production of siuric acid. The customer of the sulfur is

PVYS Chemicals the. in Kelhaim.

The main consiituent of the miked sali is sodium chlaride {of. table 4}, Since an econamic uidizalion

o]

[

doas not make sensa for the relatively low guantities of sall produced, the salt is used as flilng

material in the mining industry.

ki

Meotal

sipitation products {1700 Mg/a)

The main components of the mets! precipiation groducts oblained duning the puniication of weier i

acklition fo zing ase e.g. Ph, Cd, Hg et {of labla 33 B.U .3 Zinkrecysiing Fretbarg GmbH makes use of
ey ¥ o i e ) =

e materal for the recovery of melal

i
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| Corponent ~ Uni |

%age by weicht |

“Eukdaery i _

| Aluminum
Cadeium

Ry
T

Silicon

Meroury gk TE

Antimony o ___:"_____ matka T o i o

Arsenic maikg T e i ]

Lezd mg/kg¥S L I
| Chrome {total} mgkg IS

'l . i T

Copper . mokg TS

Manganese mgrkg TS N

Micke] mg/kg TS5
Tin . malkgTs
_Zine A mg/ka IS

Tabie 1 Anglysis of the granutar mineral substance (THERMOSELECT  faciity
Fondotoce, THERMOIELECT facility Karlsruhe
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P TREGRT R
T Caé%%!&m — . ._____w._.____gs__;;;,{ o m_“i;‘;‘;,"pﬂ‘*:-‘f__ N
PH-valle N T b _ ' 6158 ]
Electrical conductivity _uSfem i1 .
Phenolindex __mdl S X X ]
Ghloride o gl o <05 o
licride gl < 0.1

Suifate o |...mgl EAs
Borate maft <87

Cyanide tolal malt <001 ]
FToC ok SIER .
ATX moa/t n.a. '
Aluminum gl 0.07 o
Antimony o b mgh < 0.01

Arsenic mg/ < .001

Barium mg/i 1 =005
| Bervilium N mg/ < 0.02

Lead mg/l < (3.02

Cadmium g/l < 5.0002

Chrome (tofal} mg/ = 0.001

Cohalt M < 0.05

lror: mafl 0.04

Copper mgl < 0.05

Manganese mgl <0.02

Molybdenum mgfl <0.2

Nickei mgfl = 0.05

Mercury ol < 0.6001

Seienium mg/l < 0.002

Thaliium ma/l . < 5.001

Vanadium mg/t =< 5.01 n
Jing i gl 0.03

Tin o gl _ A
Table 2 Eluate vaiues of the granuley mineral subdstance {(THERMOSELECT facility

Karlsruhe)
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Component

it

osiion

wes

) Mg;’kg

AR

/&g

WMeial hydroxides {dry}

= 200

B0

AdLminum

Antimony

Arsenic

lioad
[ Cadmium

1 -
i i
Caicidm

lron

Coppar

| Magnesivem

Maiganese

Nicke! o ) “'"
Mercury .

Zinc .
X

Tahle 3 Anaiysis  of

itte

zinc

concentrate

THERMOSELECT facility Karisruhe)

| Componsnt

{THERMOSELEGT

Watler afky < 300

Suifur a'kg > 400

Carbon total g/ka =200 _
Impurities g/kg 100

Impurities

Iron » . gkg 22 o
Cadmium G/kg <07 i
Mercury alkg = 0.1 5
Argenic i gl <01 i
Lead N arkg LEEB L

Chrome k <

 Copper
Mariganese

Nickg!
T

Antimony

Shiloride
iuoride

Table 4

Kartsruhe)

)
T e [ D

M

5

-

.

Anaivais of the sulfur {THERMOSELECT frcility Fondoloea, ¥

HERMOHEE




TR AR T

s

Component o L Lnit _
Water contenis gkg | 100
| Sodidm chiorice _ gkg ! L > 785

TOC {carbon) a/kg 20

Carbonate (s CCL} arkg R s
Fluor a/kg 30
{ impurities o gfky o <12 L

Arsenic i r o a'hy B (.05

Lea e alkg 0.01

Cadmium _ L gig oo

Chiroma i akg 0.02

Iron e g/kg 6.05 MM
Copner gfky bt

Manganese a/kg 0.02

Nicked N alkg ) 601
Mercury a/kg 0.002

Tin _ a/kg 0.06c
Zinc afkyg .01
Caloium gy 1
Magnesium glkg 0.05
Potassium 1 o/kg Y
Cyanide Gk BALS
Table & Anaiysis of the mixed salt (THERMOSELECT fecility Fondotocs, THERMOSELECT
facility Karlsrithie)
G 1

!




o~

.k Emissions

There are no water emissions from the process. The water in the waste s purifisd to drinking we

gualty and is rebsed in the Drocoss as cooling tower make up.

Air is extracted from the wasie receival and bunier areas and routed thiough a smali bag fiter for dust

m

removad followea by a UY famp unit which oxidizes any odor

Giner amissions o air are the exhaust gases from the unit that converts the synithesis gas into power.
The basis for the definition of the iespective emission hmil vaiues is the Garman 17" Grdinance fo

ance of ncingration facilies for wasie and

Execution of the Federal Poliutant Frolection Law {or

sirnifar combustible substances — 17, BimSchY). Table 8
17. BimSchY with the values approved for the Karlsruhe faciity. The comparison makes cleay that for
normal oparation emission values are speciiied which are 3 to 140 fimes lower than thos stipu*aied by

compares the dmit values stipu!ated i the

1EW,

For the synthesis gas elimination in case of operational malfunctions, severe voluntary agreed contrd
vaiues were aporoved being for heavy metais 10 times iower than those presaribed ’)y aw for normal
operation. One should note in this contoxt that Germen law foresees virlually na emission lirmits during
malfunction situaiions, except on total carben and dust,

;'E?‘“ Lsm-* va*a.m specsfsﬂd “E“% 'Lam:i alue specified 1996
Poliutant :BiﬁSch“v‘ '&'f;fnLhQ%!S gas uithization  Sviihesis gas eEimma*aon
’P“ editior.  normat aperation ‘combustion chamber :
Totaidust  |mome _' 10 .
g D
oy i3 o
myy
Stk I Lghn
N mgim?
co . mgm
g maime
| ;

maim® _
g 05
ngfm? | 0.1
Table & Emission value limits for
daby values). Noter HM - rlegvy melals




Fiaurs & shows the megsured valu

for normal operation, recorded at the B G f
i.

chitmney alier the swearn boiers i L

compadson o the values specified by Sy

the approving authority as well as

L g
those required by law. The actusl ; : g
measured omission valies achievad :
are lower than the permitied values ;mg
(biue bars). No o thermel
techroiogy reating waste in the worid | e
today can achisve such low gas g
erission levels at compeiitive g
conditions. ; Gt ng £ s
THERMOSELECT are currently setiing — ‘
the standards  for Best Available W Gpermion Data BB porea vatios 1 BimScRY {Garman Law)

Technaology. Fiaure 8 Warlsruhe plant alr emissions

6.7 Synthesis gas eliimination in the combustion chamber

in case of a malfunciion, the combustion charaber is used o reliably eliminate the synthesis gas stil
created due to the inertia of the sysiem. Depending on the type of devialion from the iniended
operation, a differentiation is made belween ftwo cases: Either raw synthesis gas enlers the
combustion chamber downsirearm of the high-femperaiure reacior directly via the surge tank or pure
synthesis gas is supplied,

Section 16 of the German 17" Federal Poilutant Prolection Ordinance outlings the conditions for
thermal waste tWeaiment faciliies in case of malfuncticns. According o i, exhaust gas may be
discharged to the atimosphere during & maximum of 99 hours per annum without emission resirictions.
Excepled from this are carbon and dusl For these components, 30 minules msan emission limit
values of 26 wm resp. 150 ranmd must be adhered io.

I the interest of a helter ecolonical quality of waste disposal, however, zevare restrichons wers
imposed on the THERMCOSELECY fastity in Karlsruhe i two ways. Not the 86 heurs which ars

permissible pe annum were specified, but rather ondy 50 howrs. In addition o i, emission values were
o be adheared 0, which correspoand to the it vaiues reguired by law for normal operation resp. which

are 10 timas fower for heavy metafa_ Reafar to tablz 6 for thess authorized armission limit values,

t be
fuily met with the original safety flare systam. In particular the imit vaive for hodvy metals wiich is 19

The experiznce gained durng rial operaiion, however, has shown ’ihat the expeciations couid n

fimes lower than the resooctive valus stinulated in the 17" E»'s'mSch’x_f could not be resched,
The system was thue repiaced by a closed combustion chamber {resistant in prassure surges, water-
cooled and lned steet vessal), Aflar combustion in this chambar, the fue ga3 is shock cocied from

Z200°C to BSTC {acidic gas washing) and then routed throvgh an atkaline washer. In a next sten, the
15 term

exhd toa aiure is raised to 170°C e obizin optimum freatment conditions in a subsequently
passed dry p’: ot aiage. The purified g discharged via the chimney for cegular operztion ard
moniiored at the measuring point oF tha ahoritiss

25




AN exiernisive t:estmg campaign was caried out with this new combustion chamber systam in Ay and

August 2001 af typical waste freatment oporation conditions both with raw and purified synithesis gas

Measurements conducted under the surveiiiance of the resnonsibie ot
valuas entirety fUfill tha regquirermenis and remain beiow the jmits stipulated in the permit (Table 6).
fied by the Regierungsprasidium

Accentance of the combustion chamber amission levels was o
(artsnuhe on August 287 2001,

7 Thermoselect Plants and Prolecis

Fondoioce, italy.

Plant Capacity: Singie line, 32000 Ya
Operation: Damonstration plant i aperation: from 1992 1o 1888
Synthesis gas utilisation: Gas motor powet generaiion

Karlsruhe, Germany.

Flant Capacity: 3 Yines, 220 0G0 t/a
Operation: 1898
Synthesis gas uiilisation: Steam turhing power and distiict heating

Chiha, Japan, Kawasaki Steef licensee,

Plant Capacity: Two lines, 100000 ¥a (M3W and indusirial wastes)
Operation: September 1993
Synthesis gas utilisation: As fue! in Chiba Works

Anshach, Germany

#Fant Capaciiy: One line, Y2000 i/a
Operation: Under construciion, Startup in 2002
Synthesis gas utilisation: Gas motor power generaticn

Hanau, Germany.

Flant Capacity: Two fines, 80000 ¥a
q;&@:uﬁ Parmil gra ebruary 2005 stariup 2004,
synthesis gas utiisation: ain Lirbing power genarztion

ey
Slez

Ziuotiases, Switzeriord,

{5—

M Capacity. Two hines, 1H000) ia
orztion: Concassion Arbitraticn Procesure pendi
nthesiz gas utilisation: Steam wirbine nower genare

=

e

AR

b

arten, Henmany,

Plant Capaciy: Three lines, 225000 Va
Operation: Parmit reguest phase, startup 2604,
Syninasis gas uvlilisation: Steam urbing powsr gensration

Biitsubishi Materials Mutzu, Japan - Kawaaaki Steel seb-licenzes

2 Twi iines, H0000 e
Tpes -ation: Firm Order receivad
Synthesis gas ulilisalion: Gas molor powar genearation

Sther licensess: Doswoo, South Kores
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Anncx B

Apnex B

Drescription of Karlsruhe Paciidy
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Annex B

Farlsrohe TS Plant Emission Daia
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Apnex F

Cajoulation of Fuivre ThermoSeloct Plamt
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