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1 Introduction

In the Netherlands every person is responsible for the production of 190 g sewage sludge
per day which accumulates in municipal as well as in industrial sewage purification plants.
The sewage sludge delivered from STOWA originates from the cities Lelystad and Oijen.
Figure 1 shows the flow diagram of the sewage purification plant of Qijen.
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Figure 1: Activated sludge waste water treatment flow diagram.

First in the preliminary treatment the wastewater is released from large particles and the
main part of sand. After this step the wastewater passes the primary clarifier, aeration tank,
secondary clarifier to finally get discharged into the environment. During this process
primary sludge and waste activated sludge accrue. Primary sludge contains large particles, as
faeces, fruit residues, toilet paper and corks while the consistence of waste activated sludge
is more homogeneous. The primary sludge and some part of the waste activated sludge are
mixed in a ratio of about 1:1 and the resulting sludge is concentrated to the desired dry
matter content by a centrifuge.

The main difference between the process of Oijen to that of Lelystad (tested only in the Lab
scale) is that the latter one has no primary clarifier and during the biological treatment in the
aeration tank no aluminium chloride (AlCl3) is added for the phosphate precipitation (source
STOWA).

The composition of sewage sludge is strongly dependent from the ingredients of the
wastewater, the process method of the sewage purification plant and the additives used in
the appropriate facility. The raw sludge consists of various chemical species in the neutral
pH-range with a typical dry matter content of 3,5 wt.%. Due to its high portion of organic
compounds sewage sludge counts as wet residual biomass respectively organic waste.
However heavy metals like zinc, copper, lead, cadmium, nickel, quicksilver and chrome and
also pharmaceutical residues of the wastewater accumulate in the sewage sludge.

One possibility to utilize the waste product sewage sludge is the hydrothermal gasification,
which takes place in supercritical water. The main products are H,, CO,, CO and CHa,.
However the reaction conditions, especially the temperature, affect the gasification
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products of the biomass. The hydrothermal gasification is the most energetic efficient
chemical conversion of wet biomass with a water content higher than 40 wt.%. The major
advantages of the use of supercritical water as reaction medium are: the density of
supercritical water at 600 °C and 250 bar is 87 kg/m3, much higher than for conventional
gasification. This leads to a much higher space-time vyield. Increased thermal conductivity
and higher temperature will promote the endothermic reforming reaction. The required
compression work is low due to the low compressibility of the liquid fuel. The gas product on
the other side is compressed to about 25 MPa, which is optimum for short time storage.

1.1 Gasification of sewage sludge in supercritical water

Several publications report on lab-scale experiments on the gasification of sewage sludge in
supercritical water. Most of them report experiments performed in batch autoclaves. These
results can not be directly compared with a continuous flow set-up associated with much
shorter residence times.

Acelas et al. carried out SCWG experiments in a batch autoclave reactor with a reaction
volume of 45 mL at different temperatures from 400 to 600 °C. Also the residence time was
varied to investigate it’s influence on the gasification efficiency. In a typical experiment
sewage sludge with a dry matter content of 3,3 wt% was used. By increasing the
temperature they obtained higher gasification efficiencies (52 % at 600 °C for residence
times of 15 min and more).

Gong et al. investigated the influence of the composition of the sewage sludge on the
gasification in SCW. The water content ranged between 73 and 89 wt% the organic matter
content of the dry sewage sludge varied from 29 to 73 wt%. The experiments were carried
out in a high pressure autoclave with an internal volume of 100 mL at almost constant
operating conditions (400 °C, 60 min, 23 MPa). In a typical run sewage sludge with a water
content of 73.48 to 88.51 wt% was used. The results of the SCWG showed that the gas
production increased linearly with the increasing organic matter content in the dewatered
sewage sludge. They supposed that the differences in hydrogen content of the product gas
arose from differences in the composition of inorganics, water content and pH value of the
dewatered sewage sludge samples. The formation of char and coke was increasingly
observed at low water contents.

Also Chen et al. carried out experiments in a batch reactor (reactor chamber: 140 mL) to
investigate the gasification of sewage sludge in near and super-critical water. For a typical
run sewage sludge with a dry matter content of about 9 wt% was used and the pressure
ranged from 21 to 25 MPa. The temperature was varied from 350 to 450 °C, while residence
times of 5 to 25 minutes were adjusted. The aim of the experiments was to investigate the
effect of temperature on the development of the reaction process and the production of
gases. Therefore they analyzed the characteristics of solid and liquid products in detail. The
results indicated that organic contents in sewage sludge are almost completely dissolved and
hydrolyzed in water at 425 °C.



1.2 Shortdescription of the project

STOWA ordered 15 lab scale experiments and two pilot scale experiments to IKFT / KIT.
Detailed analytical work should enable a well-founded evaluation of the experiments and
generate data valuable for planning a commercial plant for the gasification of sewage sludge
in supercritical water.

STOWA charged a steering committee with the control of the scientific technical progress
and route of the experimental program. Leon Korving was charged with the coordination of
the whole project.

1.3 Targets of the project

The objectives for the lab scale tests were:

e to collect preliminary information on sludge conversion in supercritical water,
especially with regard to the degree of conversion that is feasible, the gas production
and the behavior of N- compounds and other minerals. With regard to the N-
compounds it is important to confirm that ammonia will be the prime N-containing
product.

e to study the basic process parameters like temperature, pressure, concentration of
feed and mean residence time.

For KIT these tests were important to gain insight in the expected behavior of the sludge in
its VERENA pilot plant.

The objectives for the pilot-scale tests were:
e to increase the general knowledge on supercritical water gasification of sewage
sludge.
e to result in an assessment of the feasibility of supercritical water gasification of
sewage sludge.
e Sewage sludge is the most important wet waste biomass. Thus the tests will act as a
stimulant for the general development of supercritical water gasification.

1.4 Description of the process

The VERENA facility (German acronym for “experimental facility for the energetic
exploitation of agricultural matter”) is a dedicated plant for the biomass gasification in
supercritical water. The pilot plant VERENA (see Figure 2) has a total throughput of 100 kg
wet feed per hour and is designed for an operating pressure of up to 35 MPa and a
maximum reactor temperature of 700 °C. A measured quantity of the feed is transferred into
the stirred preparation tank (volume 1,5 m3) with a connected mill. For the pilot scale test
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with sewage sludge the stirred preparation tank was not used. Instead an IBC served as
storage tank from which the feed was pumped directly into the plant. The feed is dosed by a
mass flow controlled high pressure pump to the reaction system. The feed flow passes a
double-pipe heat exchanger and is heated in counter current flow by the hot effluent from
the reactor. Subsequent the preheated feed flow is lead into the salt separation system
where it is indirectly electrically heated. A cyclone is attached to the lowest part of the salt
separation system to remove the brines. After this step the feed passes the reactor, which is
heated by externally generated flue gas. It has a total volume of 30 L, can be operated up to
700 °C and is divided into two parts. The first part, the preheater, is a tubular reactor which
acts primarily as heat exchanger; the second part is a slim vessel. Under supercritical
conditions, the gaseous reaction products are soluble in water and leave the reactor as a
homogeneous phase, pass the heat exchanger and a cooler. By cooling down the product
gases separate from the water phase. After phase separation, the pressure is reduced in two
steps. The second separator is equipped with an integrated CO, scrubber. This option was
not used for the pilot scale tests for STOWA, since the direct utilization of the product gas in
an internal combustion motor is possible and more economic. The effluent is led to a store
tank and the salt concentrates from the cyclone and the sump of the reactor are each led
into a tank on a balance. The VERENA facility is controlled by a process control system on
base of the application software WINCC.
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Figure 2: Pilot plant VERENA - flow sheet.



Samplings points:
1. feed sample
salt concentrate - cyclone (consisting of solid and aqueous phases)
lean gas cyclone
second salt concentrate - reactor
lean gas sump reactor
gaseous phase
aqueous phase
lean gas separator

Lo NV R WN

high pressure sample
10. waste water

The amount of the lean gas streams (3, 5 and 8) as well as the amount of the product gas (6) is
measured with gas meters.



2 Lab scale experiments

The Lab-scale tests were performed in a dedicated continuous flow test rig. Throughput is up
to 1000 g wet feed / h. The test rig is equipped with a piston —like feeding system capable to
feed even viscous feeds (only requirement is not to plug a tube with 8 mm i.d.). The reactor
is a tube with 18 mm i.d. Temperatures up to 700 °C and 300 bar pressure can be realized in
this reactor. The salt separation system is working satisfactory. Experimental times of several
hours (up to 3,4 kg feed at once) are regularly performed. Usually the feed is treated with a
mixer and some potassium salts are added as catalytically active components.

2.1 Experimental set up

The LENA test rig (German acronym for “laboratory plant for the energetic exploitation of
agricultural matter”) is the apparatus that is used for the supercritical gasification of sewage
sludge. Figure 3 shows its flow sheet. The main components are a cylindrical tank filled with
the sewage sludge, a down-flow reactor with preheater and a separate brine (salt)
separation system.

The sewage sludge is separated spatially from the hydraulic system of the LENA test rig by a
piston. During the experiments a HPLC pump (P04) is responsible for the transportation of
the sewage sludge into the preheater with flow rates of 1 —3 mL/min. The same function is
fulfilled by the piston pump P01, which is used if flow rates higher than 3 mL/min are
required. The preheater made of Inconel 625 consists of two heaters (HZ 1 and HZ 2). A tee
after the preheater separates the inorganic solid salts from the feed by inertial separation.
The inorganic salts get into the brine separation system, which is partially heated with
heater HZ 9 directly after the preheater. The feed reaches the reactor, which is also made of
Inconel 625. Six heaters (HZ 3 — HZ 8) heat the reactor.

The inorganic salts leave the preheater by successively opening and closing the valves V36
and V37 at certain time intervals. A candle filter (FO2) as strainer is connected upstream of
these valves. After passing the tee the inorganic salts partially dissolve again in subcritical
water. The weight of the salt concentrate is registered by a balance (Salt).

After the hydrothermal gasification the effluent and the product gas leave the reactor at its
bottom to pass the candle filter FO1. This filter is connected upstream of a pneumatically
controlled back-pressure regulator (V34). V34 regulates the pressure of the test rig. However
the candle filter FO1 can be bypassed. In this case the pneumatically controlled back-
pressure regulator V35 controls the pressure of the apparatus. A scale (Outlet) displays the
weight of the effluent. The amount of product gas is measured with a gas meter, which is
connected downstream of the balance Outlet.



For the sampling of the liquid and gaseous phases serve round bottom flasks. Each of these
round bottom flasks possesses an outlet for the liquid phase and a septum for the gas

sampling with a gas syringe.

The whole LENA test rig is controlled by a process control system on base of the application
software WINCC.
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Figure 4 shows a simplified schematic diagram of the apparatus containing all relevant inputs
and outputs. There is one input (1. Feed + H20) and five outputs at which the gaseous, liquid
and solid products of the supercritical gasification accumulate (2. Salt concentrate — 6. Filter
2 (salt concentrate)). Only at these five outputs sampling for product analysis is possible. The
denotation “7. Weight Difference” in Figure 4 represents the not localizable residues in the
LENA test rig after an experiment.

“6. Filter 2 (salt concentrate)” is the solid gained from the filter. “2. Salt concentrate” is the
filtrated solution were soluble salts are gained.

| 1. Feed+H20 |

L=670mm
- 0O ~ @@ ® > O =

R
e
£
£ a
8 c %| 7 . Weight difference
S t
n
=1 o
r
6. Fiter 2 . - - s 5. Fitter 1
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2. Salt concentrate| | 3. aqueous Phase || 4. Gas |

Figure 4: Schematic diagram of LENA
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2.2 Pretreatment

The delivered sewage sludge samples from Lelystad and Oijen are too concentrated for
hydrothermal gasification. That’s why the sludge has to be diluted with a defined amount of
water to receive the desired feed concentration. At first the dry matter content of the
samples has to be determined. Therefore approximately 50 g sewage sludge is dried in an
oven at 105 °C for 24 h. The dry matter of every charge is determined twice. Via the dry
matter content the required water amount can be calculated. Moreover potassium
hydrogen carbonate KHCO; is added to the feed since potassium salts catalyse the
gasification reaction. To homogenize the feed a multifunctional kitchen machine is used, in
which at first the required amount of dewatered sewage sludge is weighed in. Subsequent
the corresponding quantity of water with diluted KHCO; is added. The whole mixture is
stirred for 45 minutes and afterwards transferred into a cylindrical tank. Via the valve V14
(see Figure 3) the feed is filled into the feed tank with pressurised air.

2.3 Parameters of all experiments

All experiments were carried out at constant pressure of 280 bar because the reaction
pressure until now showed only low impact on the gasification. The pilot plant is operated at
280 bar too. It is known from other feed (corn stover) that addition of K* enhances the

mg K+

gasification rate. The addition of KHCO;3 in experiment STOWA 1 was 5000 1

sludge
mg K+

while in all further experiments an amount of 2500 sludge was added additionally to

the starting K value of the sludge. Due to different DM content the amount of K" per g DM is
not constant, but varies with a factor of up to 2. One exception is the experiment STOWA 14
were no KHCO3 was added. In Table 1 the parameters of all experiments are summarized.
The selection of the experimental parameters is based on the gasification behaviour of other
feeds (corn stover).

The experimental design has been fine-tuned after each experiment in order to reach stable
operation and high conversion rate. Two types of sludge were investigated. The reactor
temperature was varied in the range of 608 to 655 °C, the dry matter was varied between
8,59 and 17,37 wt-% and residence times between 1,7 and 6,15 min were realised. To
optimize the salt separation different temperatures at the preheater from 400 to 500 °C
were set.
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Table 1: Experimental parameters of the lab-scale tests (constant pressure: 280 bar)

Dry Matter of Threheater. TRreactor Reactor-
No. | Type residence Feed
the Feed .
(set point) | (midpoint) time
[-] [-] [Wt-%] [°C] [°C] [min] [g/h]
1 15,4 500 608 5,83 145
2 12,0 450 609 3,82 213,5
3 13,4 450 649 5,39 211,7
4 15,9 450 651 6,15 186
Lelystad
5 12,5 450 653 2,72 424.8
7 12,3 480 652 2,78 417,5
8 12,6 480 619 2,76 412
9 11,7 480 653 2,75 423
10 12,7 470 649 2,76 421,1
11 12,0 460 655 1,7 701
12 12,4 450 652 5,31 215,2
13 Oijen 8,59 450 653 2,92 420,8
14 12,8 460 654 2,7 430,5
15 13,4 400 653 2,66 430
16 15,0 450 653 2,75 424
17 17,4 460 648 5,43 211,2

* Toreheater IS Measured at the height of 600 mm of the Preheater from top to bottom.

In Table 2 the different charges of sewage sludge used for the lab scale-experiments are

listed. Table 3 shows the duration of storage (at 3 °C), while in Table 4 the analytical results

of the sludge charges are compared.
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Table 2: Charges of sludge samples.
) 0 . .
Sewage Charge Delivery date DMAJ Experiments with
sludge Nr. original sewage sludge charge
1 21.02.2014 17,56 STOWA1, STOWA?2
2 21.03.2014 16,73 STOWAS, STOWA4,
Type 1 STOWAS
LELYSTAD 3 29.04.2014 16,02 STOWA®G6, STOWA7
4 20.05.2014 17,25 STOWAS8, STOWA9
9 16.09.1014 15,81 no experiments
5 11.06.2014 24,74 STOWA10, STOWA11,
Type 2 STOWA12
OLEN 6 03.07.2014 27,84 STOWA13, STOWA14
7 18.07.2014 27,03 STOWA15; STOWA16
8 16.09.2014 31,64 STOWA17

Table 3: Storage duration of the sludge charges (The sewage sludge was stored at 3 °C and the
amount that was prepared for one experiment was stored 24 h before the experiment at room
temperature).

. . Storage time Sewage sludge
Experiments | Date of experiment
of sewage sludge| Charge-Nr. Type

STOWA1 11.03.2014 18 days 1

STOWA?2 19.03.2014 26 days 1

STOWA3 26.03.2014 5 days 2

STOWA4 03.04.2014 13 days 2

STOWAS 10.04.2014 20days 2 LELYSTAD
STOWAG 05.05.2014 7 days 3

STOWA7 16.05.2014 18 days 3

STOWAS8 22.05.2014 2 days 4

STOWAS 05.06.2014 16 days 4

STOWAI10 13.06.2014 2 days 5

STOWA11 18.06.2014 7 days 5

STOWA12 02.07.2014 22 days 5

STOWA13 10.07.2014 7 days 6 OlJEN
STOWA14 17.07.2014 14 days 6

STOWA15 22.07.2014 4 days 7

STOWA16 30.07.2014 12 days 7

STOWA17 19.09.2014 3 days 8
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Table 4: Comparison of analytical results of all sewage sludge charges.

Lelystad Oijen

Charge 1 [Charge 2 |Charge 3 |Charge 4 |Charge 5 |Charge 6 |Charge 7 Charge 8

after after before before before before before before
Parameter | addition [addition |addition |addition |addition |addition |addition i

0f 2500 |of2500 |of of of of of addition

mgK'/L [mgK'/L |KHCO3 |KHCO3 |KHCO3 |[KHCO3 |KHCO3 of KHCO3

[mg/g]
TC 418 427 433 434 415 422 402 424
TIC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
TOC(C) 418 427 433 434 415 422 402 424
H 60,3 60,9 62,9 63,7 60,5 60,9 60,6 64,3
N 63,4 68,6 73 72,8 42,2 48,2 47,4 44,3
P 27,8 29,6 30,8 31,6 24 20 21,8 20,4
S 7,2 7,6 7,32 11,1 7,8 n.d. 8,7 6,68
Ca 11,7 11,1 12,7 14 22,5 18,5 16,3 13,9
K 29,6 27,8 11,8 11,4 3,6 3,2 2,96 2,82
Mg 5,89 6,4 7,02 7,2 3,1 3,1 2,86 2,61
Na 1,07 1,22 1,25 1,05 0,88 1 0,84 0,67
Si 25,7 21,8 21,6 26,3 26,5 40,6 35,3 15,79
Al 5,57 4,68 5,21 5,6 12,2 12,5 12,2 9,31
[ug/el
As 8 7 7 n.d. n.d. n.d. n.d. n.d
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 138 143 153 180 5600 40 590 450
Pb 35 18 12 n.d. 110 n.d. 111 50
Zn 334 313 325 320 860 900 960 480
Cr 22 20 18 n.d. 39 150 42 20
Fe 5950 4410 3870 3800 13800 13600 20900 18500
Mo 5 6 6 n.d. n.d. n.d. 15 8
Ni 14 13 12 n.d. n.d. n.d. 24 14
Cl 584 546 670 572 1910 2020 2830 2110
Hg 0,36 0,49 0,55 0,3 0,3 n.d. 0,63 n.d.
[J/gl

HHV 10067| 18950 18601| 19161| 17302| 17426 16504| 18105

The value 29,6 mg potassium per 1g DM of charge 1 was measured after the addition of

2500 mg K*/L sludge, which corresponds to 20,8 mg K*/g DM. Therefor the concentration of

potassium of the original sludge must have been 8,8 mg K*/g DM. This value is comparable

to the potassium concentration of the sludge charges 3 (11,8 mg K'/g DM) and 4 (11,4 mg
K*/g DM). In experiment STOWA 1 (charge 1 was used) 5000 mg K'/L was added which
corresponds to an addition of 31 mg K*/g DM. The difference of the sample of charge 1 for
STOWA 2 with the addition of 20,8 mg K'/g DM compared to the sample of charge 1 for
STOWA1 with the addition of 31 mg K*/g DM is 10,2 mg K'/1g DM. So the concentration of
potassium in experiment STOWA 1 before addition of KHCO3 was 19,4 mg K*/g DM and after
the addition of KHCO3 50,4 mg K*/g DM.
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2.4 Detailed description and results of the experiments

The flow rate set at pump PO1 or P04 is calculated to result the predetermined residence
time. Thereby the following assumptions are made:

e The sewage sludge consists of dry matter and water, but for simplification it is
assumed, that the density of water under operating conditions equates to the density
of the sewage sludge under operating conditions.

e The overall density in the reactor is not affected by the occurring gasification
reactions.

e Below 600 °C no gasification reaction takes place. The residence time was
determined for a corresponding section of the reactor where the temperature was
600 °C and higher. Three temperature zones (2600 °C, 2630 °C and 2660 °C) were set
and for each the residence time was accurately calculated. The sum of each
residence times of the temperature zones corresponds to the residence time of the
reactor.

Thus the residence time of the lab-scale reactor was calculated by the following equation:

Vreactor _ Vreactor * Pr20(T)

Treactor -

VFeed Mreed

The balance of the different elements for each experiment is evaluated on two different
ways that are time dependent. One balance is formed under constant operating conditions
and does not include the filters FO1 and FO2 (see Figure 3). Most important results of this
calculation are the TOC content (TOC = total organic carbon; analysis method see Appendix)
of the waste water, the gas composition and the carbon gasification yield. The second
balance is a total balance that also covers the cleaning phase. Figure 5 shows the different
phases of an experiment, the ethanol (EtOH)-, feed- and cleaning phase. The balance under
constant operating conditions is performed at the end of the feed phase, during steady state
operation (feeding rate, gas formation VGaS and the gasification yield Ygas are constant).

As a preliminary test ethanol (EtOH) is hydrothermally gasified (EtOH-phase). This serves for
technical survey of the LENA test rig.
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2. Integrated
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Assessment Assessment Assessment
A A A
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with water

important
intermediate
measurement

Figure 5: Balance formation during constant operating conditions and total balance.

Figure 5 not only shows the various phases of an experiment but also the structure of the
calculation of the total balance. During the operation with feed the gaseous phase is
analysed every 30 minutes (1. Analysing gas composition). Also the liquid phase of the
effluent and of the salt concentrate is analysed. Samples of the liquid phases were usually
taken every hour. Depending on the duration time of the test several samples were taken. If
the experimental period allowed it at least 3 effluent samples were taken during the steady
state phase of every experiment.

The cleaning phase starts with flusing the test rig with hot water under operating conditions
(hot water / under pressure) while the gasification of the residual sewage sludge takes place.
The formed gas is analysed (2. Analysing gas composition). Between the flushing under
operating conditions and flushing with cold water (important intermediate measurement)
sampling of the total effluent and the salt concentrate occured. This means that each of the
two collection flasks where the total effluent and salt concentrate produced during the test
are exchanged against two empty flasks for the cold cleaning phase. The total effluent and
the total salt concentrate are then each sampled as one total sample. After removal of the
liquid phases the flushing is carried out with cold water (cold water / without pressure). The
heaters HZ1 — HZ9 are switched off and the test rig is cooled to ambient temperature. During
the cleaning phase with cold water the gas phase is analysed (3. Analysing gas composition).
The filter contents of FO1 and FO2 are analysed after the cleaning phase.
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In the following the equations that were used for evaluation of the lab-scale tests are specified:

Conversion of gasification

Mrc,Gas * MTC of dissolved CO2 in H20 .

Yeqs = 100

Mrc Feed

Mrc gas = Mc,cHa T Mccoz + Me,co T M c2na T Mecane T Me,cans + M c3ns

M

. c . .
Mt of dissolved CO2 in H20 = M ! (meffluent + Mgqie concentrate) ' SCOZ/HZO
co,

Mrc,feed = Mreed—pM * CTC,Feed—DM

This means that carbonates, formed from CO, after gasification reaction, are not considered.
This is important to understand the lower carbon gasification yields, but it is not correct to
add CO, bounded as solid salts to the gasification rate.

The phase separation during the lab-scale tests takes place under low pressure. The
dissolved CO, in water is considered in the calculation of the gasification conversion Ygas.

Y;as: Conversion of the gasification

TC: Total Carbon

Mrc gas: TC-mass flow of the product gas stream

Mrc of dissolved co2 in H20* 1C-mass flow of the carbon of CO2 dissolved in the effluent and in the salt
concentrate

Mrc Feea: TC-mass flow of the feed

M: Molar mass of carbon

M¢o,: Molar mass of CO,

Mef fluent: Mass flow of the effluent

Mgait concentrate: Mass flow of the salt concentrate

Sco,/H,0: Solubility of CO, in H,0

Crc,Feed—pm: cONcentration of TC in the dry matter of the feed
MEeeqa—pym: dry matter mass flow of the feed

C-balance (Y():

mTC,out
YC el e—
mTC,Feed

mTC,out = mTC,effluent + mTC,salt concentrate + mTC,Gas

Myc out: TC-mass flow of all output streams
Mrcef fluent: 1C-mass flow of the effluent

M1 salt concentrate: 1C-Mass flow of the salt concentrate
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Cold gas efficiency (CGE):

CGE = TPtotal gas [W]
TPfeed [W]

TPiotar gas — Z TP

TPi = mi * HHVL
TPfeed = Mpeeqa—pm * HHVpy

TPiotal gas: thermal power of total gas

TPfeeq: thermal power of the feed

TP;: thermal power of the gas component i

m;: mass flow of the gas component i

HHYV;: higher heating value of the gas component i
HHVp ), higher heating value of the dry matter of the feed

TOC-conversion:

100

, Mroc liquid
TOC — conversion = 100 — ,—q *

Mrtoc,feed

mTOC,liquid = mTOC,effluent + MToc,sait concentrate

Mrtoc,feed = Mreed—pM * CTOC,Feed—DM

Mroc,out: TOC-mass flow of all liquid output streams

Mroc Freea: TOC-mass flow of the feed

Mroc.ef fluent: 10C-mass flow of the effluent

Myroc, salt concentrate: 1OC-mass flow of the liquid salt concentrate
Croc Feed—pm: cOncentration of TOC in the dry matter of the feed
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In Table 5 the analysed parameters are listed.

Table 5: Analysed parameters

Gas Aq. effluent and
composition salt concentrate
Feed: dried sludge (aqg. phase)
Dry matter content H,
Organic matter content co
Heating value CO,
CHN(O) analysis CH,
TC C,H, TC
TIC C,He TIC
TOC CsHg TOC
H CsHg P
P S
S PO4
N SO4
Ca TNb
K NO; and NO,, NH,"
Mg Ca
Na K
Si Mg
Al Na
As Si
Cd Al
Cu As
Pb Cd
Zn Cu
Cr Pb
Fe Zn
Mo Cr
Ni Fe
cl Mo
Hg Ni
cl
Hg
Phenol Index

20



The composition of the solids is determined by microwave digestion and subsequent
ICP-OES Analysis. The limit of quantification of solids (see Appendix) is dependent from the
weight of sample taken and from the digestion volume. Also energy dispersive X-ray
spectroscopy coupled with a scanning electron microscope of the filter and other solid
residues is performed.

The liquid samples are analysed by high-performance liquid chromatography (HPLC). The
concentration of total carbon TC and total inorganic carbon TIC is determined by combustion
of the liquid samples and measurement of carbon dioxide. Via the difference of TC to TIC the
concentration of total organic carbon TOC is calculated. The concentration of total nitrogen
bonded TNy is determined by combustion of the liquid samples in a nitrogen atmosphere
(analysis method see appendix). The determination of the elements
P,S,Al, Pb,Cd,Ca,Cr,Fe,K,Cu,Ca,Mg,Mo,Na, Ni,Si,Zn and Hg is carried out by Optical
Emission Spectroscopy with inductively coupled plasma (ICP-OES). With the liquid phase no
digestion took place before ICP. The liquid phase was only filtrated and the aqueous phase
was analysed. As (Arsen) and partially some other elements are measured by atomic
absorption spectroscopy (AAS) with a detection limit being smaller by a factor of 1000
compared to ICP-OES. The limit of quantification of liquids (see Appendix) is dependent from
the dilution factor.

The gaseous samples are analysed by gas chromatography (GC) with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). Additionally GC-MS is performed for
few samples. Calibration of the GC is done with a gas which consists of H,, CH,, C,Hg, CO,
CO,, CyH4, C3Hg, C3He.

Table 6 shows the carbon balance for all experiments under operating conditions. The
balance period is selected according to constant gas production Vaas and gasification vyield
Yeas- Feediorqr is the total pumped amount of sewage sludge within the duration of the
balance period. C;ytq; is the total amount of carbon in Feed;,tq;- Thus the TOC and TIC
amount of the feed as well as the carbon input via KHCO5; is taken into account. The TOC-,
NH;-, TNy-values of the effluent water are averaged values from a few individual
measurements. After the hydrothermal gasification the TIC vyield increases in all
experiments. The carbon yield Y, specifies the outflow of carbon via the gaseous and liquid
phase related to the inflow of carbon during constant operating conditions (residues in the
filters FO1 and FO2 and further accumulation areas within the apparatus are not taken into
account).
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Table 6: Results of the steady-state phase

+ TNb-
No. Tir;r?:f Feedio | Coa Plugging Yoas | Yo des-lt-rcL)J((::';ion Yric ef?i(z:li(ingc?; n Tos:v:a\':\é?Ste NH?/v:sl\tA(la?Ste V\)\'f;féf
[-] [h] (9] (9] [after h] [%] | [%] (%] (%] [-] [mg/l] [mg/l] [mg/l]
1 2,75 398 26,4 2,75 27,9 | 29,5 99,2 -93 0,38 - - -
2 5,50 1174 59,9 No 37,9 | 51,2 92,8 308 0,43 2565 9208 6724
3 3,00 635 36,9 No 52,9 | 66,1 96,8 655 0,62 1870 12674 7715
4 0,50 93 6,4 3,25 33,0 | 46,5 90,8 229 0,38 - - -
5 2,52 1069 58,1 4,85 63,8 | 80,9 94,9 750 0,71 3415 13113 7038
7 4,00 1670 90,4 No 64,0 | 77,9 97,3 688 0,72 1725 13012 7243
8 3,00 1236 68,8 No 49,9 | 65,8 93,4 570 0,50 3072 11800 6580
9 5,00 2115 109,2 No 68,0 | 80,7 97,8 616 0,77 1953 11724 9300
10 3,93 1657 88,9 6,50 71,2 | 81,8 96,7 342 0,87 2141 8821 5580
11 2,78 1402 71,1 No 71,3 | 84,2 94,9 348 0,91 2363 8456 5591
12 2,50 538 28,2 No 75,7 | 86,0 97,9 461 0,93 1154 9796 6845
13 4,00 1683 62,5 No 77,3 | 87,1 97,9 270 0,95 841 6645 3805
14 2,00 861 47,3 2,3/ No? 63,4 | 75,1 94,7 288 0,65 2817 6196 5820
15 3,00 1290 71,5 6,25 65,3 | 78,7 95,6 544 0,75 2534 6548 7771
16 2,00 846 52,5 No 75,9 | 81,6 96,5 196 0,83 2392 12413 7364
17 2,00 421 31,3 No 48,6 | 58,3 97,2 564 0,60 800 10380 6379

'duration of the steady state phase
*The experiment was interrupted as a plugging occurred and was then restarted.
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2.4.1 Experiment STOWA 1

The selection of the experimental parameters for the first experiment was based on the
gasification behaviour of other feeds (corn stover). Due to a blockage of the flow during the
feed phase the experiment STOWA 1 proceeded irregular and finally had to be stopped after
2,75 h. The plugging was localized in the brine separation system, 84 cm distant from the
preheater. Figure 6 shows the black and grey porous particles of different size (max.
diameter 12 cm) which plugged the pipe. The composition of the particles was determined
by EDX (energy dispersive X-ray spectroscopy) (see Table 7 and Table 8). The analysis show
that the particles mainly consist of carbon and oxygen. This indicates the formation of char.

,“‘._... -‘ e £ .
e vy A i -
L g N ."',‘. v .7... b, ]
- b X y - & 3 .
» L ’ -

R L
2 3 4 T 5 MECTERE Sl

!

Figure 6: Residues in the brine separation system of experiment STOWA 1.

Table 7: EDX results of the black particles responsible for plugging during STOWA 1.

Element Massen%  Atom%
CK 32.79 44.47
N K 0.00 0.00
oK 41.71 42.47
Na K 0.26 0.18
Mg K 2.57 1.72
Al K 2.46 1.49
Si K 5.08 2.95
PK 6.69 3.52
SK 0.27 0.14
KK 1.63 0.68
CakK 4.12 1.68
TiK 0.32 0.11
Fe K 1.81 0.53
Cul 0.28 0.07
Insgesamt | 100.00

The letters K and L behind the
elements are characteristic X-ray
lines for the evaluation of the : 500um ' BSEl

EDX analysis. 23




Table 8: EDX results of the greyish black particles responsible for plugging during STOWA 1.

Element Massen%  Atom% +.“3;:.elatrum 1
CK 24.84 35.98
N K 0.00 0.00
oK 43.18 46.94
Na K 0.25 0.19
Mg K 2.75 1.97
Al K 2.53 1.63
SiK 5.34 331
PK 9.07 5.09
SK 0.30 0.16
CIK 0.04 0.02
KK 2.34 1.04
CakK 5.99 2.60
TiK 0.46 0.17
Fe K 2.92 0.91
Insgesamt | 100.00

The letter K behind the elements is
a characteristic X-ray line for the r 000 1 Elskironenbild 1
evaluation of the EDX analysis.




Experiment conditions
Dry matter content 15,44 %
K*-conc. (KHCO3) 5000 mg/!
real Temperature 608 °C
pressure 280 bar
real residence time 5,83 min
real Feed mass flow 145,0 g/h

Sewage sludge

time 2,75 h
Total sludge fed 398,8 g
C-mass in the total feed 25,73 g
TOC-mass in the total feed* 25,73 g
Total mass effluent 319,0 g
Total mass salt brine 61,7 g
TOC-Conc.
Effluent sample 0,64 mg/g
Salt conc. sample (Position 2) - mg/g
Gas production 7,17 NI/h
Conversion of gasification
(TC) 27,9 %
TOC-conversion** 99,2 %
Mass-balance 105,3 %
C-balance (TC) 29,5 %
C-deficit (TC) -18,8 g
Gas composition
H> 41,06 Vol %
CcO 1,38 Vol %
CO, 21,03 Vol %
CH, 27,36 Vol %
C,H, 0,08 Vol %
C,He 8,90 Vol %
CsHe 0,03 Vol %
CgHg 0,16 Vol %
"TIC in the feed not detectable
« Without the C from KHCO4

The masses of filter 1 and filter 2 were determined from experiment 5 to experiment 17.



STOWA 1
salt
Feed analysis ag. Effluent analys!§ during experiment concent(ate
(Position 3) analysis
(Position 2)
Concentration Conc_entratlon after 1,25 after 1,75 after after
Parameter ; diluted : .
in dry matter . hours hours experiment | experiment
sludge
[-] [mg/g] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l]
TC 418 64539 162 1308
TIC n.a. n.a. 100 164
TOC(C) 418 64539 133 1143
H 60,3 9310 - -
N 63,4 9789 - -
o) - - - -
NO3 - - - -
NO2 - - - -
NH4 - - - -
TNb - - - -
P 27,8 4292 6,30 227
PO4 - - - -
S 7,2 1112 - -
S04 - - - -
Ca 11,7 1806 1,34 5,69
K 39,2** 4570 25,90 1475
Mg 5,89 909,4 - R
Na 1,07 165,2 - -
Si 25,7 3968 - -
Al 5,57 860,0 n.d. n.d.
As 0,008 1,24 - N
Cd n.a. n.a. - -
Cu 0,138 21,3 - -
Pb 0,035 5,40 - -
Zn 0,334 51,6 - -
Cr 0,022 3,40 n.d. n.d.
Fe 5,95 918,7 0,19 0,02
Mo 0,005 0,772 n.d. n.d.
Ni 0,014 2,16 n.d. n.d.
Cl 0,584 90,17 - R
Hg 0,00036 0,056 - -
Phenolindex | - - - 317 Y291 Y
* for simplification it is assumed that the density of water equates to the density of sewage sludge
** detected after addition of KHCOs
Legend: 1) | Values of the filter water |
n.d. not detectable or signal interference |

The values of the column “after 1,75 hours” are mostly higher than the values of the column
“after 1,25 hours” because the effluent after 1,25 hours still arises from the feeding of the
ethanol water mixture. After 1,75 hours the effluent of the gasification of sewage sludge
exits the plant.

Analysis sewage sludge from Lelystad sample 21.2.14

Feed

HHV: 19067 J/g

Ash content by 550°C.: 19,94 %
by 815°C: 18,65 %
by 1000°C: 18,52 %
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Gas Composition

C3H6 0,03 C3H8 0,16
vol % o
vol %

C2H4 0,08
vol %

CO 1,38 vol
%

Feed: Sewage sludge with 15,44 wt % DM
numbers indicate NI, /groc reed

C3H6 / C3H8 /
2,61E-04 1 93E.03

C2H4 /
6,26E-04

CO0 /0,011
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2.4.2 Experiment STOWA 2

In comparison to the first experiment the preheater temperature and the feed concentration
was lowered to avoid plug in the preheater. Experiment STOWA 2 ran stable. After the
experiment black and greyish black particles were found in the preheater and were analysed

by EDX. The compositions of the particles are listed in Table 9 and Table 10. The analysis

show that the particles mainly consist of carbon and oxygen.

Table 9: EDX results of the black particles found in the preheater after experiment STOWA 2.

Element

C
(0}
Na
Mg
Al
Si
p
S
K
Ca
Ti
Cr
Fe
Ni

Insgesamt

Massen%

42.45
3291
0.09
0.40
0.41
10.29
211
141
1.58
1.70
0.09
1.45
0.59
4.53

100.00

-

ez
Atom% ANt -

56.05
32.62
0.06
0.26
0.24
5.81
1.08
0.70
0.64
0.67
0.03
0.44
0.17
1.22

Table 10: EDX results of the greyish black particles found in the preheater after experiment

: 500pm : BSE1

STOWA 2. I S
Element Massen%  Atom% FEDy
C 35.67 51.78

0 29.72 32.39

Na 0.16 0.12

Mg 0.62 0.44

Al 0.81 0.52

Si 7.21 4.48

P 3.70 2.08

S 2.67 1.45

K 3.46 1.54

Ca 2.10 0.91

Ti 0.10 0.04

Cr 3.39 1.14

Fe 1.12 0.35

Ni 9.28 2.76

Insgesamt | 100.00

E 500pm : BSE1

The filter residues of FO1 and FO2 were not analysed. Only a tarry sample (5,6 g) of filter FO1
was examined by GC-MS-analysis (only qualitative) . The composition was determined by
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comparison of the results with the database NIST 05 mass spectral library. The main

components are indoles, naphthalenes, anthracenes, pyrenes and fluorenes. This is an

indication for tar formation.

Experiment conditions
Dry matter content 12,00 %
K*-conc. (KHCO,) 2500 | mg/l
real Temperature 609 °C
pressure 280 bar
real residence time 3,82 min
real Feed mass flow 213,5 |g/h

Sewage sludge

time 5,5 h
Total sludge fed 1174 g
C- mass in the total feed* 58,9 g
Total mass effluent 566,0 g
Total mass salt brine 404,2 g
TOC-Conc.
Effluent sample 2,94 mg/g
Salt conc. Sample (Position 2) 5,33 mg/g
Gas production 8,22 NI/h
Conversion of gasification (TC) 37,88 %
TOC-conversion** 92,78 %
Mass-balance 98,14 %
C-balance (TC) 51,15 %
C-deficit (TC) -29,21 g
Gas composition
H, 22,43 Vol %
CcoO 0,18 Vol %
CO, 32,28 Vol %
CH, 31,97 Vol %
CzH4 0,51 Vol %
C,He 10,94 Vol %
CsHe 0,31 Vol %
CsHg 1,38 Vol %

"TIC in the feed not detectable
« without the C from KHCO;
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STOWA 2

salt
Feed analysis aqéfgzﬁemn;n‘i”(lajlg:ii;:n“g)”g Coannca?;];rigte residue of preheater
(Position 2)
PR (_:oncentration (_:oncentration gftseg ?t:; ift;g aft_er aft_er grey, dark _dark
in dry matter | diluted sludge* h()’urs ho'urs h(;urs experiment | experiment pieces pieces

[ [mal/g] [ma/l] [ma/l] [mo/l] | [mo/l] [mg/l] [mg/l] [weight %] | [weight %)]

TC 418 50160 7784 7735| 8012 5504 12709 35,7 42,5
TIC n.d. n.d. 4873 5337 5626 4414 1058 - -
TOC (C) 418 50160 2911 2398 | 2387 1090 11650 - -
H 60,3 7236 - - - - - - -
N 63,4 7608 - - - - - n.d. n.d.
¢} - - - - - - - 29,7 32,9
NO3 - - n.d. n.d. n.d. 20,31 n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - - 7205 9535 | 10883 6787 2476 - -
TNb - - 5763 7114 7295 5437 2862 - -
P 27,8 3336 28,0 45,3 54,9 59,7 937 3,7 2,11
PO4 - - Y = Y 43,85 3152 - -
S 7,2 864 20,7 24,8 24,5 24,7 287 2,67 1,41
SO4 - 19,9 25,4 28,5 28,4 591 - -
Ca 11,7 1404 2,43 1,82 2,06 3,35 5,43 2,1 1,7
K 29,6** 3552 199 275 319 308 3010 3,46 1,58
Mg 5,89 707 1,17 0,97 1,14 2,48 1,56 0,62 0,4
Na 1,07 128 5,10 6,75 7,97 8,15 59,7 0,16 0,09
Si 25,7 3084 12,1 17,8 23,4 14,1 85,7 7,21 10,3
Al 5,57 668 0,24 0,19 0,30 0,16 n.d. 0,81 0,41
As 0,008 0,96 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,138 16,6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Pb 0,035 4,2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,334 40,1| 0,0304 | 0,0148 ] 0,0482 0,0263 0,0644 n.d. n.d.
Cr 0,022 2,64 n.d. n.d. n.d. n.d. n.d. 3,39 1,45
Fe 5,95 714 0,42 0,24 0,10 0,74 1,21 1,12 0,59
Mo 0,005 0,6 0,14 0,11 0,10 0,20 3,32 n.d. n.d.
Ti n.d. n.d. - - - - - 0,1 0,09
Ni 0,014 1,68 n.d. n.d. n.d. n.d. n.d. 9,28 4,53
Cl 0,584 70,1 22,1 21,31 21,7 22,7 41,7 n.d. n.d.
Hg 0,00036 0,0432 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 297 353 369 264 92 - -

* for simplification it is assumed that the density of water equates to the density of sewage sludge
** detected after addition of KHCO;

Legend

1

N—

not evuable

n.d.

not detectable or signal interference
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“After experiment” means that point of time after the operation with sewage sludge and the
phase of flushing with water at high temperature and pressure where each one total sample
of the salt concentrate and one total sample of the effluent are taken from the
corresponding collection flasks. This counts analogously for all other results of the lab-scale

experiments.

The TC and NH4" values of the effluent “after experiment” are lower than measured during
the experiment, because the total effluent sample was more diluted caused by the flushing
with water after feeding of sewage sludge. Otherwise for example the concentrations of P,
Na and S strongly increase because these elements accumulate during the operation with
sewage sludge in the apparatus and exit the plant with delay during the flushing phase with

water.

Additional analytical data: Sewage sludge from Lelystad sample 21.2.14

Feed
HHV: 19067 | Jig
Ash content by 550°C.: 19,94 %
by 815°C: 18,65 %
by 1000°C: | 18,52 %
Gas Composition Feed: Sewage sludge
with 12,00 wt % DM
C3HS8 numbers indicate Nl /8oc reed
1,38
C2H4 vol % C3H6/ C3H8/
0,51 0,002 0,011
vol % CoO
0,18 C2H4 /
vol % 0,004

co/
0,001
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Percent by mass [%]

2. Salt concentrate

Percentage distribution of no- metal elements after gasification
(Integrated Assessment)

3. aqueous Phase

4. Gas

5. Filter 1 (aqueous Phase)
solid liquid

6. Filter 2 (salt concentrate)

solid liquid

7. Mass difference

58,02
57,97

d

7,97
12,05
8,99

8,75
14

na.

not analysed
not analysed

n.a.

ly
not anallysed

not an:

)

25/30

mC mN mP

89,55

Percent by mass [%]

100
90
80
70
60
50
40
30
20
10

-10
-20

-40
-50
-60

-80
-90
-100

Percentage distribution of metal elements after gasification (Integrated Assessment)

2. Salt concentrate

3. aqueous Phase

5. Filter 1 (aqueous Phase)
solid liquid

6. Filter 2 (salt concentrate)

solid liquid

7. Mass difference

27,14

4,89

7,04
5,15

0,12
07

1
0,89
0,01

0,08
0/19

E

0,28
0,37
0,02
0,08

not analysed
not analysed

not analysed
not analysed

Fe

99,97
99,86

The cleaning phase with cold water is not incorporated in the total balance of experiment STOWA 2.
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2.4.3 Experiment STOWA 3

To increase the gasification yield, the reaction

experiment STOWA 3 ran stable.

temperature was increased to 649 °C. The

Experiment conditions

Dry matter content 13,42 %
K*-conc. (KHCO,) 2500 mg/I
real Temperature 649 °C
pressure 280 bar
real residence time 5,39 min
real Feed mass flow 211,7 g/h

Sewage sludge
time 3 h
Total sludge fed 635,0 g
C- mass in the total feed* 36,4 g
Total mass effluent 417 g
Total mass salt birne 95,6 g
TOC-Conc.
Effluent sample 1,73 mg/g
Salt conc. sample (Position 2) 2,83 mg/g
Gas production 12,8 NI/h
Conversion of gasification (TC) 52,9 %
TOC-conversion** 96,8 %
Mass-balance 101,21 %
C-balance (TC) 66,1 %
C-deficit (TC) 12,5 g
Gas composition
H, 18,56 Vol %
CcO 0,26 Vol %
CO, 31,33 Vol %
CH, 37,68 Vol %
C,H, 0,29 Vol %
C,Hg 11,78 Vol %
CsHs 0,03 Vol %
CsHg 0,08 Vol %

"TIC in the feed not detectable
« without the C from KHCO4
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STOWA 3 Filter solid
salt
o0, Effuentanalysts during | concentrate | Filert | Fier2
(Position 2)
Parameter C%?;?Qgt?g?n Coné:i?urlggtlon ?ﬁc()e(; gftct)e(; gft;(; e;g:eerirm ex pzfrti?'rz ent Concentration dry matter
sludge* hours | hours | hours ent
[] [mg/g] [mg/l] [mg/ll | [mg/ll | [mg/ll | [mg/l] [mg/l] [mg/g]

TC 427 57303 7996 7924 7923 3915 8421 517 132
TIC n.d. n.d. 7996 7487 7923 2940 581 n.d. n.d.
TOC(C) 427 57303 1820 1920 1870 975 7840 517 132
H 60,9 8173 - - - - - n.d. n.d.
N 68,6 9206 - - - - - 30,6 19,2
(@] - - - - - - - - -
NO3 - - 69 68 70 n.d. n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - -| 12120 13377| 12526 6745 1901 - -
TNb - - 7661 7692 7793 3849 7150 - -
P 29,6 3972 86,9 115 106 65 1650 44 109
PO4 - - 313 411 401 186 5169 - -
S 7,6 1020 63,0 164 104 55 309 14,1 3,7
SO4 - - 54,0 62,1 68,8 60 676,5 - -
Ca 11,1 1490 0,96 0,85 0,78 1,98 3,55 32,1 63,9
K 27,8** 3731 207 274 270 201 4275 18,8 45,2
Mg 6,4 858,9 3,92 2,88 2,38 3,73 14,8 15,3 36,3
Na 1,22 163,7 6,55 7,48 8,35 6,27 130 1,27 2,84
Si 21,8 2926 36,0 41,6 42,1 32,7 95,5 43,6 69,8
Al 4,68 628,1 n.d. n.d. n.d. 0,11 0,2 9,83 23,1
As 0,007 0,939 n.d. n.d. n.d. n.d. n.d. 0,015 0,007
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,143 19,2 n.d. n.d. n.d. n.d. n.d. 0,683 0,55
Pb 0,018 2,42 n.d. n.d. n.d. n.d. n.d. 0,048 0,085
Zn 0,313 42,0 n.d. n.d. n.d. n.d. n.d. 0,812 1,67
Cr 0,02 2,68 n.d. n.d. n.d. n.d. n.d. 1,27 0,422
Fe 4,41 591,8 0,21 0,05 0,05 0,10 0,60 12,3 23,5
Mo 0,006 0,805 0,04 0,02 0,03 0,00 0,23 2,39 0,2
Ni 0,013 1,745 n.d. n.d. n.d. n.d. n.d. 15,3 0,918
Cl 0,546 73,3 226 223 226 28,4 63,2 0,321 0,207
Hg 0,00049 0,066 | n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 262 268 264 109 60 R R

* for simplification it is assumed that the density of water equates to the density of sewage sludge
** detected after addition of KHCOs

Legend

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Lelystad sample 21.3.14

Feed |
HHV: 18950 |J/g
by 550°C: 19,4 %
Ash content by 815°C: 18,9 %
by 1000°C: 18,6 %

Mass of solids:
filterl - agueous Phase m= 1,416 ¢
filter2 - salt concentrate m= 15,45 g

Method: ICP. Determination of O only performed ba EDX

Gas composition

C3H6 0,03 C3H8 0,08
vol % vol %

C2H4 0,29
vol %

C0 0,26 vol
%

Feed: Sewage sludge with 13,42 wt % DM
numbers indicate NI, /groc reed

C3H6/ C3H8/
0,000 0,001

C2H4 /
0,003

CO /0,003
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Percentage distribution of no- metal elements after gasification (Integrated
Assessment)

2. Salt concentrate | 3. aqueous Phase 4. Gas 5. Filter 1 (aqueous Phase) 6. Filter 2 (salt concentrate) 7. Mass difference

solid liquid solid liquid

~

(=]
56,9
2,80

sy
(=]
20,40

ER=R-]
o
8
1
22
n.a
n.a
0,56
021
0,70
13
| 388
1,52
1,5
144
77 19,00
0,77
1,16
2,7

0
0,91

9/16

Percent by mass [%]

'
%)
=}

-16,01

-29,96

62,8

mC EN mpP

Percentage distribution of metal elements after gasification (Integrated Assessment)

2. Salt concentrate 3. aqueous Phase 5. Filter 1 (agueous Phase) 6. Filter 2 (salt concentrate) 7. Mass difference

solid liquid solid liquid

29,70
20,27

b
o
30,10
0,86

Percent by mass [%]
o E
o

0,0
#
2|
0,86
0,01
0,02
0,18
7,34
EU,BE
5,21
1,5
0,02
0,02
1,3
0,5
1,1
0,49
0,9
0,9
1,3
0,21
13,22
0,00
12,70
0,03
0,07
0,08
0,08
W 6,63
0,01
W 4,65
0,03
0,01
0,03

2547

1,86
2,01
16,52

mCa mK uMg m Na mSi mAl Fe

The cleaning phase with cold water is not incorporated in the total balance of experiment STOWA 3.




2.4.4 Experiment STOWA 4

In experiment STOWA 4 the longest residence time (6,15 s) of all tests was realized and a
feed with a higher dry matter content (15,88 wt.-%) than in the experiments before was
used. Because of a blockage of the flow rate during the feed phase experiment STOWA 4
proceeded irregular and finally had to be stopped after 3,25 h. In the preheater and the tee,

for salt separation, particles were found. The compositions of these particles which caused

the blockage were determined by EDX analysis (see Table 11 and Table 12). The analysis

shows that the particles mainly consist of carbon and oxygen.

Table 11: EDX results of the particles found in the preheater after experiment STOWA 4.

Element

C
(0}
Na
Mg
Al
Si
p
S
K
Ca
Ti
Fe

Insgesamt

Massen%

27.11
43.34
0.40
3.75
2.03
3.34
10.10
0.20
2.99
4.84
0.29
1.60

100.00

Atom%

38.28
45.95
0.29
2.62
1.28
2.01
5.53
0.11
1.30
2.05
0.10
0.49

: 500pm > BSE1

Table 12: EDX results of the particles found within the tee after experiment STOWA 4.

Element

ARvwoTupzOozZzO
(o]

Ca
Ti

Fe
Cu

Insgesamt

Massen%

53.50
0.00
34.15
1.18
0.87
2.19
3.39
0.44
1.16
1.95
0.22
0.79
0.15

100.00

Atom?% int1

63.90
0.00
30.62
0.70
0.46
1.12
1.57
0.20
0.43
0.70
0.06
0.20
0.03

: 500pm 5 BSE1



Experiment conditions

Dry matter content 15,88 %
K*-conc. (KHCO3) 2500 mg/l
real Temperature 650 °C
pressure 280 bar
real residence time 6,15 min
real Feed mass flow 186,0 g/h

Sewage sludge
time 0,50 h
Total sludge fed 93,00 g
C- mass in the total feed* 6,306 g
Total mass effluent 33,0 g
Total mass salt birne 20,2 g
TOC-Conc.
Effluent sample 2,96 mg/g
Salt conc. sample (Position 2) 8,19 mg/g
Gas production 9,69 NI/h
Conversion of gasification (TC) 32,96 %
TOC-conversion** 90,79 %
Mass-balance 155,29 %
C-balance (TC) 46,49 %
C-deficit (TC) -3,42 g
Gas composition
H, 29,18 Vol %
(6{0) 0,47 Vol %
CO, 31,18 Vol %
CH, 31,09 Vol %
C,oH, 0,15 Vol %
C,Hs 7,89 Vol %
CsHg 0,01 Vol %
CsHg 0,03 Vol %

"TIC in the feed not detectable

« without the C from KHCO;
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STOWA 4

. . salt concentrate
. aq. Effluent analysis during -
Feed analysis experiment (Position 3) analysis
P (Position 2)
Parameter Concentration Concentration alftgr after 2 a;tgr after after experiment
dry matter diluted sludge® h ! hours ’ experiment P
ours hours
[-] [mg/q] [mg/l] [mg/l] | [mg/l] | [mg/l] [mg/l] [mg/l]
TC 428 67966 1263 44 6624
TIC n.d. n.d. 50 11 5272
TOC (C) 428 67966 1213 33 1352
H 60,9 9671 - - -
N 68,6 10894 - - -
o) - - - - -
NO3 - - n.d. n.d. n.d.
NO2 - - n.d. n.d. n.d.
NH4 - - n.d. 108 8152
TNb - - 417 4 5961
P 29,6 4700 1,8 5,3 29,0
PO4 - - n.d. n.d. n.d.
S 7,6 1207 n.d. n.d. 6,60
S04 - - n.d. 27,3 n.d.
Ca 11,1 1763 4,0 6,8 2,8
K 23,52 4415 0,00 2,8 64,9
Mg 6,4 1016 0,71 2,8 0,96
Na 1,22 194 1,4 1,1 2,6
Si 21,8 3462 16,8 16,5 28,2
Al 4,68 743 0,13 0,09 0,20
As 0,007 1,11 n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d.
Cu 0,143 22,7 n.d. n.d. n.d.
Pb 0,018 2,86 n.d. n.d. n.d.
Zn 0,313 49,7 n.d. n.d. n.d.
Cr 0,02 3,18 n.d. n.d. n.d.
Fe 4,41 700 0,08 0,14 0,33
Mo 0,006 0,95 n.d. n.d. n.d.
Ni 0,013 2,06 n.d. 0,28 n.d.
Cl 0,546 86,7 n.d. n.d. n.d.
Hg 0,00049 0,0778 n.d. n.d. n.d.
Phenolindex - - - - -

’l for simplification it is assumed that the density of water equates to the density of sewage sludge
? calculated, because the charge 2 was only analysed once after addition of KHCO3 for STOWA3

Legend:

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Lelystad sample 21.3.14

Feed

HHV: 18950 Jig

Ash content by 550°C: 19,4 %
by 815°C: 18,9 %
by 1000°C: | 18,6 %

Gas composition

C2H6 7,89 C3H6 0,01
vol % vol %

C3H8 0,03

vol %
C2H4 0,15

vol %

C0 0,47 vol
%

Feed: Sewage sludge with 15,88 wt % DM
numbers indicate NI, /groc reed

C3H6/
C2H6 /0,06 7,89E-05 C3H8/
2,48E-04
C2H4 /
1,17E-03

CO /0,004
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2.4.5 Experiment STOWA 5
To avoid plugging the dry matter content was again lowered to 12,52 wt.-%. To investigate

the influence of the residence time the feed flow rate was increased to obtain a residence

time of 2,72 min. Because of a blockage of the flow rate during the feed phase the

experiment STOWA 5 proceeded irregular and finally has to be stopped after 4,85 h. The

plugging was localized in the sector of heater HZ 2. No detailed analysis was carried out. In

Figure 7 the change in colour of the effluent samples of the feed phase is illustrated. An

increasing brown coloration and turbidity over the reaction time can be observed. The third

glass from the right contains even tarry dark brown suspended particles that stick to the

glass wall.

Figure 7: Change in colour of the effluent samples during experiment STOWA 5

Experiment conditions

Dry matter content 12,52 %
K*-conc. (KHCO,) 2500 mg/I
real Temperature 653 °C
pressure 280 bar
real residence time 2,72 min
real Feed mass flow 424.8 g/h

|
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Sewage sludge
time 2,52 h
Total sludge fed 1069 g
C- mass in the total feed* 57,2 g
Total mass effluent 804 g
Total mass salt birne 87,8 g
TOC-Conc.
Effluent sample 2,96 mg/g
Salt conc. sample (Position 2) 0,32 mg/g
Gas production 28,8 NI/h
Conversion of gasification (TC) 63,8 %
TOC-conversion** 94,9 %
Mass-balance 109,3 %
C-balance (TC) 80,9 %
C-deficit (TC) 11,05 g
Gas composition
H, 18,25 Vol %
CcoO 0,35 Vol %
CO, 34,36 Vol %
CH, 34,88 Vol %
C,yH, 0,49 Vol %
C,Hg 11,31 Vol %
CsHs 0,10 Vol %
C3Hg 0,26 Vol %
"TIC in the feed not detectable
« Without the C from KHCO;

From experiment 5 until experiment 17 the masses of filter 1 and filter 2 were determined.



STOWA 5 Filter solid
salt
Feed analysis aq. Efflu_ent analys_i; during concentrate Fillt.erl Fil't'er2
experiment (Position 3) analysis (Position 5) | (Position 6)
(Position 2)
Parameter CeneEmIEie Con(:(lzi?qugtion gftSE’o[ ajt gr jﬂSeSr aft_er aft'er Concentration dry matter
dry matter sludgel hc;urs hO‘UI’S ht;urs experiment | experiment
[ [mg/g] [mg/l] [mg/] | [mg/l | [mg/l [mg/l] [mg/l] [mg/g]

TC 427 53460 | 10905| 10512| 10846 6797 4719 371 240
TIC n.d. n.d. 7460 7128 7428 4943 437 n.d. n.d.
TOC (C) 427 53460 3444 3384 3418 1854 4281 371 240
H 60,9 7625 - - - - - - -
N 68,6 8588 - - - - - 28,3 n.d.
o - - - - - - - 328 412
NO3 - - 59 59 59 206 209 - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - -| 13983 | 12660| 12695 9115 2270 - -
TNb - - 6100 7516 7497 5565 1506 - -
P 29,6 3706 557 531 389 235 2674 70,1 111
PO4 - - 1849 1778 1278 725 3415 - -
S 7,6 952 89,0 112 342 340 324 6,4 2,5
S04 - - 138 138 101 70 700 - -

Ca 11,1 1390 0,50 1,20 1,60 2,1 6,1 42,3
K 29,8 3481 909 920 681 420 1337 53,8 41,1
Mg 6,4 801 0,90 1,00 1,30 2,1 16 20,6 32,3
Na 1,22 153 17,3 17,8 12,1 9,1 98,1 2,8 3,7
Si 21,8 2729 35,4 35,2 35,5 44 81,9 35,7 40,6
Al 4,68 586 0,04 0,03 0,04 0,04 0,18 13,5 24,1
As 0,007 0,876 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,143 17,9 n.d. n.d. n.d. n.d. 0,02 n.d. n.d.
Pb 0,018 2,25 n.d. nd. n.d. n.d. n.d. nd. nd.
Zn 0,313 39,2 n.d. n.d. n.d. n.d. 2,62 n.d. 2,4
cr 0,02 2,50 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Fe 4,41 552 n.d. n.d. n.d. n.d. 0,74 18,6 23,3
Mo 0,006 0,751 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni 0,013 1,63 n.d. n.d. n.d. n.d. n.d. nd. n.d.
Cl 0,546 68,4 23,7 23,6 23,4 27,7 45,5 n.d. n.d.
Hg 0,00049 0,0613 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 473 517 512 352 518 - -

! for simplification it is assumed that the density of water equates to the density of sewage sludge
2 calculated, because the charge 2 was only analysed once after addition of KHCO3; for STOWAS3

Legend

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Lelystad sample 21.3.14

Feed

HHV:

18950 |J/g

Ash content:

by 550°C.: 19,4 %

by 815°C. 189 |%

by 1000°C: 18,6 %

Mass of solids:

filterl - aqueous Phase m= 114 g
filter2 - salt concentrate m= 12,3 ¢

Method:

EDX (except N)

Gas composition

C3H6 0,10 C3H8 0,26
vol % vol %

C2H4 0,49
vol %

C0 0,35 vol
%

Feed: Sewage sludge with 12,52 wt % DM
numbers indicate NI, /groc reed

C3H6/ C3H8/
0,001 0,003

C2H4 /

0,01 CO /0,004
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The cleaning phase with cold water is not incorporated in the total balance of experiment STOWA 5.
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2.4.6 Experiment STOWA 6

Experiment STOWA 6 failed. After the beginning of the feed phase the pressure increased
immediately. After 0,75 h the test rig was plugged and the experiment had to be stopped.
Due to lack of data the experiment cannot be evaluated.

2.4.7 Experiment STOWA 7
In experiment STOWA 7 the temperature of the preheater was increased to 480 °C in order

to optimize the salt separation. The experiment ran stable within the feed phase. During the

cleaning phase with cold water a blockage of the flow rate in the preheater in a distance of

53 — 55 cm from the entrance occurred. Furthermore the outlet line of the reactor 15 cm

from the end of the reactor was also plugged. The compositions of the particles from both
positions that were blocked were analysed by EDX (see Table 13 and Table 14).

Table 13: EDX results of the greyish black particles found in the preheater after STOWA 7.

Element

C
(0]
Na
Mg
Al
Si
P
S
K
Ca
Ti
Cr
Fe
Ni

total

Mass%

25.09
41.32
0.29
2.02
2.19
7.72
8.72
0.14
4.05
6.37
0.42
0.17
1.26
0.25

100.00

Atom% it 1 22

36.58
45.23
0.22
1.45
1.42
4.81
4.93
0.07
1.81
2.79
0.15
0.06
0.39
0.07

i 500pm L BSE1

Table 14: EDX results of the pitch-black particles found in the outlet line of the reactor after STOWA 7.

Element

C
(0}
Mg
Al
Si
P
S
K
Ca
Fe
Ni

total

Mass %

92.70
2.57
0.11
0.14
0.67
0.59
0.76
0.55
0.42
0.33
1.14

100.00

Atom%

96.41
2.01
0.06
0.07
0.30
0.24
0.30
0.18
0.13
0.07
0.24

: 500um ¥ BSE1 46



Both samples mainly consist of carbon and oxygen. However the tarry material of the outlet
line of the reactor mainly consists only of carbon. An additional GC-MS-analysis showed that
the major constituents of the tarry sample are phenanthrenes, pyrenes, indoles and
fluorenes. After the feed phase the gasification of residues in the reactor proceeds. However
the gasification yield cannot be calculated because the amount of dry matter within the
reactor is not known and no more carbon is fed. The gas from the residual gasification that
leaves the plant still contains carbon containing components. Via GC-MS-analysis and
comparison with the database NIST 05 mass spectral library a trace analysis was carried out.
Thereby mainly benzene, toluene, m,p-xylene, ethylbenzene and o-xylene was detected. This
is an indication for tar formation during the process.

Experiment conditions
Dry matter content 12,33 %
K*-conc. (KHCO3) 2500 mg/l
real Temperature 652 °C
pressure 280 bar
real residence time 2,78 min
real Feed mass flow 417,5 g/h
Sewage sludge
Time 4,0 h
Total sludge fed 1670 g
C- mass in the total feed* 88,95 g
Total mass effluent 1228 g
Total mass salt birne 62,0 g
TOC-Conc.
Effluent sample 1,61 mg/g
Salt conc. sample (Position 2) 0,15 mg/g
Gas production 28,23 NI/h
Conversion of gasification
(TC) 64,0 %
TOC-conversion** 97,3 %
Mass-balance 105,9 %
C-balance (TC) 77,9 %
C-deficit (TC) -20,0 g
Gas composition
H, 18,52 Vol %
CcoO 0,05 Vol %
G /e VoI%e *TIC in feed not detectabl
in feed not detectable

CH 32,99 Vol %
c I—: 0.42 Vol cyo ** without the C from KHCO;

PANLY:! y ol Y0
C2H5 11,86 Vol %
CsHs 0,08 Vol %
CsHs 0,27 Vol %
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STOWA 7 Filter solid
. aq. Effluent analysis during conf(?r:trate pigc(:)cleigin Filtg(l Fi|t¢(2
Feed analysis experiment (Position 3) analysis the (Position | (Position
(Position 2) | preheater 5) 6)
P Clangei- Concentration itz itz itz aﬂerA_ after grey, dark Concentration
SUEEEl tra:]:lgtr:etirry diluted sludge* hé‘u5rs hgﬂsrs hgﬂsrs e;%enrtl experiment pieces dry matter
[] [mg/g] [mg/1] [mg/l] | [mg/l | [mg/] [mg/l] [mg/l] [weight %] [mg/g]

TC 433 53389 | 7934| 8337 7806 5043 1309 25,1 751 250
TIC n.d. nd.| 6240| 6507| 6153 3809 191 - n.d. n.d.
TOC (C) 433 53389 1694 | 1830 1653 1234 1118 - 751 250
H 62,9 7756 - - - - - - - -
N 73 9001 - - - - - n.d. n.d. 13,3
®) - - - - - - - 41,3 137 408
NO3 - - 207 207 208 n.d. 32,6 - - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - - -
NH4 - -| 13124 12397 | 13514 8294 374 - - -
TNb - - 6921 | 7513 7294 4917 384 - - -
P 30,8 3798 218 220 226 117 860 8,72 17,9 115
PO4 - - 561 574 553 312 2061 - - -
S 7,32 903 1865 1615 1437 115 174 0,14 6,1 2,7
S04 - - 52,2 54,2 50,3 39,4 330 - - -
Ca 12,7 1566 0,50| 0,67 0,89 1,85 4,85 6,37 12,3 57,3
K 11,8 1455 515 525 596 305 2125 4,05 13,2 52,7
Mg 7,02 866 0,48 1,60 2,80 55 35,5 2,02 58 26,3
Na 1,25 154 7,40 7,50 5,20 6,1 64,1 0,29 0,5 33
Si 21,6 2663 47,0] 48,0 50,0 38 42,5 7,72 17,8 38,9
Al 5,21 642 0,14| 0,12 0,12 0,22 0,4 2,19 57 24,9
As 0,007 0,863 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,153 18,9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Pb 0,012 1,48 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,325 40,1 0,01 0,01 0,02 0,02 0,12 - n.d. n.d.
Cr 0,018 2,22 n.d. n.d. n.d. n.d. n.d. 0,17 2,8 n.d.
Fe 3,87 A77 n.d. n.d. n.d. n.d. 2,20 1,26 6,8 17,1
Mo 0,006 0,740 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ti - - - - - - - 0,42 n.d. n.d.
Ni 0,012 1,48 n.d. n.d. n.d. n.d. 108 0,25 21,8 n.d.
Cl 0,67 82,6 27,6 27,8 27,6 27,6 43,9 n.d. n.d. n.d.
Hg 0,00055 0,0678 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 86 337 325 200 25 - - -
* for simplification it is assumed that the density of water equates to the density of sewage
sludge
Legend
n.d. not detectable or signal interference
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Additional analytical data: Sewage sludge from Lelystad sample 29.4.14

Feed
HHV: 18601 | J/g
Ash content by 550°C: 20| %
by 815°C: 18,7 | %
by 1000°C: 18,6 | %
Mass of solids
filterl - aqueous Phase m= 453 ¢
filter2 - salt concentrate m= 63,4 g

Method:

EDX (except N-determination)

Gas composition
C3H6

0,08
vol %

C3H80,27
vol %

C2H4 0,42

vol %
C0O 0,05 vol

%

Feed: Sewage sludge with 12,33 wt % DM
numbers indicate NI, /groc reeq

C3H6 / C3H8/
0,001 0,003

C2H4 /
0,01

CO /0,00
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Percentage distribution of no- metal elements after gasification
(Integrated Assessment)

2. Salt concentrate | 3. aqueous Phase 4. Gas 5. Filter 1 (aqueous Phase) 6. Filter 2 (salt concentrate) 7. Mass difference

solid liquid solid liquid
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The cleaning phase with cold water is not incorporated in the total balance of experiment STOWA 7.




2.4.8 Experiment STOWA 8
The reaction temperature was lowered to 619 °C in comparison to the experiments
STOWA 3 — STOWA 7 where a reaction temperature of about 650 °C was set. This
experiment should show whether a satisfactory gasification yield is achievable after the

other parameters were optimized. Experiment STOWA 8 ran stable.

Experiment conditions

Dry matter content 12,62 %
K*-conc. (KHCO,) 2500 mg/I
real Temperature 619 °C
pressure 280 bar
real residence time 2,76 min
real Feed mass flow 4120 g/h

Sewage sludge

time
Total sludge fed

Total mass effluent

TOC-Conc.
Effluent sample

Gas production

TOC-conversion**
Mass-balance
C-balance (TC)
C-deficit (TC)

Gas composition
H,

(6{0)

CO,

CH,

C,H,

CZH6

CsHs

CsHg

C- mass in the total feed*

Total mass salt birne

Salt conc. sample (Position 2)

Conversion of gasification (TC)

3,00
1236
67,7
801

86,1

3,07
12,76

23,35

49,9
93,4
94,9
65,8
23,5

22,01
0,46

40,89
25,41
0,87
8,28
0,55
1,52

Qo o

mg/g
mg/g

NI/h

%
%
%
%

Vol %
Vol %

Vol %
Vol %
Vol %
Vol %
Vol %
Vol %

"TIC in the feed not detectable
« without the C from KHCO;
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STOWA 8

Filter solid

salt ] )
e esionsy® | peae | s | o | o
(Position 2)
parameter | tonary | ton diued | 4,63 | 563 | 6@ | afer | afer | concenva-| Concentaion
matter sludge hours | hours | hours
[ [mg/g] [mg/l] [mg/l] | [mg/l] | [mg/l] [mg/l] [mg/l] [mg/g] [mg/g]
TC 434 54771 9929 9777 9101 6399 11423 922 869 252
TIC n.d. nd.| 6822 6739| 6031 3897 203 - - -
TOC (C) 434 54771 3107 3038 3070 2502 11220 - - -
H 63,7 8039 - - - - - - - -
N 72,8 9188 - - - - - n.d. n.d. n.d.
o - - - - - - - 60,2 90,8 407
NO3 - - n.d. n.d. n.d. n.d. n.d. - - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - - -
NH4 - -] 12600 10900 11900 7678 624 - - -
TNb - -] 6755| 6408| 6576 4639 903 - - -
P 31,6 3988 72,0 647 73,2 54,8 1505 3,2 83| 113,6
PO4 - - 187 162 182 150 4033 - - -
S 11,1 1401 111 176 120 93 332 3,6 4,4 4,5
S04 - - 70,8 60,8 63,9 59 682 - - -
Ca 14 1767 0,98 1,28 0,85 2,25 4,55 1,7 53 51,6
K 11,4 1439 185 191 223 154 3990 2,8 54 66,4
Mg 7,2 909 1,11 1,06 1,42 2,05 10,4 0,8 14 26,7
Na 1,05 133 3,55 4,27 4,25 3,48 112 n.d. n.d. 2,4
Si 26,3 3319 58,5 53,8 53,0 45,5 76,8 0,41 n.d. 354
Al 5,6 707 0,13 0,09 0,11 0,11 0,29 0,13 34 21,9
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,18 22,7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,32 40,4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,7
Fe 3,8 480 n.d. n.d. n.d. 0,9 0,29 n.d. 2 14,4
Mo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1 n.d.
Cl 0,572 72,2 27,1 26,8 26,8 27,6 65,7 n.d. n.d. n.d.
Hg 0,0003 0,0379 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Pheno-
lindex - - 511 533 537 390 38 - - -
* for simplification it is assumed that the density of water equates to the density of sewage
sludge
Legend
n.d. not detectable or signal interference
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Additional analytical data: Sewage sludge from Lelystad sample 20.5.14

Feed

HHV: 19161 |J/g

Ash content by 550°C: 18,4 | %

by 815°C: 16,6 | %

by 1000°C: 16,5|%

Mass of solids:

filterl tar m= 1,05 g
filterl - aqueous Phase m= 4,83 ¢
filter2 - salt concentrate m= 64,3 g

Methode:

EDX all values

The composition of the tarry fraction of filter FO1 was analysed by EDX. The results are listed
in Table 15. The analysis shows that the particles mainly consist of carbon.

Table 15: EDX results of the tarry fraction of filter of STOWA 8.

Element |Mass% Atom%
C 92.23 94.67
0] 6.02 4.64
Mg 0.08 0.04
Al 0.13 0.06
Si 0.41 0.18
P 0.32 0.13
S 0.36 0.14
K 0.28 0.09
Ca 0.17 0.05
total 100.00
| 500pm 1 BSE1
Gas composition Feed: Sewage sludge with 12,62 wt %
C2H6 C3H6 CaH ~bMm
8,28 vol 0.55 vol el numbers indicate NI, /8roc reeq
% o s (y"° C3H6 /
0 C2H6/ 0,006  C3H8/
C2H4 C0O 0,46 0,09 | 0,016
0,87 vol vol% |C2H4/
% 0,01

co/
0,00
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2.4.9 Experiment STOWA 9

For experiment STOWA 9, it was intended not to use salt separation at all. But the salt
separation system had to be used due to pressure increase in the system — an indication of
beginning of clogging. By this measure the experiment STOWA 9 ran stable. For an
experiment without salt separation other hardware should be used.

Experiment conditions
Dry matter content 11,69 %
K*-conc. (KHCOs) 2500 mg/I
real Temperature 653 °C
pressure 280 bar
real residence time 2,75 min
real Feed mass flow 423,0 g/h

Sewage sludge
time 5,00 h
Total sludge fed 2115 g
C- mass in the total feed* 107,3 g
Total mass effluent 1512 g
Total mass salt brine 150 g
TOC-Conc.
Effluent sample 0,98 mg/g
Salt conc. sample (Position 2) 3,25 mg/g
Gas production 30,14 NI/h
Conversion of gasification (TC) 67,9 %
TOC-conversion** 97,8 %
Mass-balance 103,4 %
C-balance (TC) 80,7 %
C-deficit (TC) -21,1 g
Gas composition
H, 21,81 Vol %
(6{0) 0,04 Vol %
CO, 34,25 Vol %
CH, 31,80 Vol %
C,H, 0,38 Vol %
C,Hs 11,27 Vol %
CsHe 0,10 Vol %
CsHg 0,36 Vol %
"TIC in the feed not detectable
« without the C from KHCO;
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STOWA 9 Filter solid
. . salt Filterl Filter2
Feed analysis adg. Efflqent analys_ls_ during concentr_ate (Position | (Position
experiment (Position 3) ana_lly5|s 5) 6)
(Position 2)
parameer | Copertaton | Conentater | g | 55 | 55 | aper | o | Concenaton oy
hours hours hours ment
[-] [mg/g] [mg/l] [mg/l | [mg/ll | [mg/l] | [mgll] [ma/l] [mg/g]
TC 434 50735 9750 | 10400 9890 7250 3385 690 220
TIC n.d. n.d. 7800 8420 7960 5700 135 - -
TOC (C) 434 50735 1950 1980 1930 1550 3250 - -
H 63,7 7447 - - - - - - -
N 72,8 8510 - - - - - n.d. n.d.
(®) - - - - - - - 165 435
NO3 - - n.d. n.d. n.d. n.d. n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - -] 11840| 11902| 11431 8097 79 - -
TNb - - 9400 9200 9300 6200 821 - -
P 31,6 3694 172 203 295 251 278 34,6 122
PO4 - - 394 475 640 563 746 - -
S 11,1 1298 108 439 1093 537 30,0 6,2 2,1
SO4 - - 77,8 84,2 92,1 82,4 67,6 - -
Ca 14 1637 0,78 0,68 0,83 1,76 4,72 25,9 64,6
K 11,4 1333 523 597 744 590 545 21,5 42,7
Mg 7,2 842 3,76 4,28 19,2 14,8 61,2 7,1 28,8
Na 1,05 123 7,51 8,07 10,7 11,0 16,5 1,3 2,6
Si 26,3 3075 57,0 58,6 59,5 59,4 14,0 26,4 34,3
Al 5,6 655 0,14 n.d. n.d. 0,16 0,17 10,8 27,5
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,18 21,0 n.d. n.d. n.d. n.d. n.d. 1 n.d.
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,32 374 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Fe 3,8 444 n.d. n.d. n.d. 0,04 1,31 7,7 17,3
Mo n.d. n.d. n.d. n.d. n.d. n.d. 2,02 n.d. n.d.
Ni n.d. n.d. n.d. 6,40 n.d. n.d. n.d. 1,2 n.d.
Cl 0,572 66,9 27,3 27,3 27,7 27,9 30,1 n.d. n.d.
Hg 0,0003 0,035 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 331 334 345 276 7 - -
* for simplification it is assumed that the density of water equates to the density of sewage sludge
Legend
n.d. not detectable or signal interference
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Additional analytical data: Sewage sludge from Lelystad sample 20.5.14

Feed
HHV: 19161 | J/g
Ash content by 550°C: 184 | %
by 815°C: 16,6 | %
by 1000°C: 16,5| %

Mass of solids:

Filterl — aqueous phase m=3,1¢g
Filter 2 — salt concentrate m = 35,5 g

Method: EDX (all values)

Gas composition

C3H6 0,10
vol %

C3H8 0,36
vol %
C2H4 0,38

vol % €0 0,04 vol

%

Feed: Sewage sludge with 11,69 wt % DM
numbers indicate NI, /groc feeq
C3H6 /

C2H6/ 0,001 C3H8/

0,005

CO /0,001
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2.4.10 Experiment STOWA 10
The first experiment with sewage sludge from Oijen, STOWA 10 ran stable. Only short time

before the end of the feed phase a blocking of the feed flow began. As a result the cleaning

phase proceeded irregularly.

Experiment conditions

Dry matter content 12,71 %
K*-conc. (KHCO3) 2500 mg/|
real Temperature 649 °C
pressure 280 bar
real residence time 2,76 min
real Feed mass flow 4211 g/h

Sewage sludge
time 3,93 h
Total sludge fed 1656,50 g
C-mass in the total feed* 87,37 g
Total mass effluent 1119,31 g
Total mass salt brine 96,09 g
TOC-Conc.
Effluent sample 2,11 mg/g
Salt conc. sample (Position 2) 0,33 mg/g
Gas production 30,59 NI/h
Conversion of gasification (TC) 71,2 %
TOC-conversion** 96,7 %
Mass-balance 96,9 %
C-balance (TC) 81,8 %
C-deficit (TC) -16,2 g
Gas composition
H, 17,18 Vol %
CO 0,22 Vol %
CO, 33,36 Vol %
CH, 35,08 Vol %
CzH4 0,61 Vol %
C,He 12,90 Vol %
CsHe 0,17 Vol %
CsHg 0,47 Vol %

* TIC in the feed not detectable
** without the C from KHCOg3
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STOWA10 Filter solid
. . salt in the Filterl Filter2
Feed analysis aqéfggﬁfnnénin(ﬁgz;ﬁgnug)ng coanncaelz;;rizte efflue_nt (Position | (Position
(Position 2) glass jar 5) 6)
Parameter C(t)igﬁegrt;a_ Conc?i?urlggtion af‘tler aféer aféer eig::i- after dark Concentration dry
TR sludge* hours | hours | hours | ment experiment | sediment matter
[ [mglg] mg/l | mg/ | [mg/ | (mg/] | [mgf] [mg/l W[eo'/ﬁ]h‘ [mg/g]
TC 415 52747 | 7712| 7759 | 7437 5590 2606 29,5 249 | 219 (336)
TIC n.d. n.d.| 5537 | 5637 | 5309 4002 137 - n.d. n.d.
TOC (C) 415 52747 | 2175| 2121 | 2128 1589 2468 - 249 | 219 (336)
H 60,5 7690 - - - - - - - -
N 42,2 5364 - - - - - n.d. 12,9 11,8
0o - - - - - - - 37 379 392
NO3 - - nd. n.d. n.d. n.d. n.d. - - -
NO2 - -| nd. | nd. n.d. n.d. n.d. - - -
NH4 - -| 8637 | 9332 8494 6412 352 - - -
TNb - -| 5601 | 5566 5572 4181 604 - - -
P 24 3050 | 272| 300| 341 219 265 9,49 75,9 | 76,3 (74,6)
PO4 - -| 640| 788 857 513 517 - - -
S 7,8 991| 512| 657 187 1,26 13,8 n.d.
SO4 - - 174 176 180 113 82,8 - - -
Ca 22,5 2860 | 10,8| 16,2| 18,6 16,8 14,9 1,53 81,1 70,8
K 3,6 458 | 1487 | 1469 | 1576 1110 414 10,7 45 27,5
Mg 3,1 394 | 5,65| 5,75 3,05 4,45 147 4,05 8,7 10,5
Na 0,88 112 12,0] 205| 23,6 14,3 13,1 0,22 29 2
Si 26,5 3368| 78,0| 78,6| 78,6 719 32,8 2,32 100 109
Al 12,2 1551| 0,20] 0,17| 0,12 0,2 1,09 0,8 44,7 38,2
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. nd.| nd. | n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 5,6 712 n.d. n.d. n.d. n.d. n.d. n.d. 2 1,77
Pb 0,11 14| nd.| nd. n.d. n.d. n.d. n.d. 0,5 0,4
Zn 0,86 109 n.d. n.d. n.d. n.d. n.d. n.d. 3,3 2,8
Cr 0,039 4,96 | n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,59
Fe 13,8 1754| 0,50| 0,53]| 0,09 0,13 16,40 1,82 47,9 43,8
Mo n.d. n.d. n.d. n.d. n.d. n.d. 0,34 n.d. 0,06 0,09
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cl 1,91 243| 54,2| 58,1| 552 54,5 35,1 1,18 0,317 0,067
Mn - - - - - - - 0,07 0,57 0,62
Hg 0,0003 0,0381| nd.| n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - 502 ] 503 518 378 30 - - -
* for simplification it is assumed that the density of water equates to the density of sewage
sludge
Legend
n.d. not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 11.06.14

Feed
HHV: 17302 | J/g
Ash content by 550°C: 22,5|%
by 815°C: 22,1 %
by 1000°C: 21,7 %

Mass of solids:
Filterl — aqueous phase m =48 g

Filter2 — salt concentrate m =33 g

Method: EDX: O-values; ICP-AAS, except N and except the cursive values in brackets,

which were measured by EDX

After the feed phase the gasification of the residues in the reactor proceeds. However the
gasification yield cannot be calculated because the amount of dry matter within the reactor
is not known and no more carbon is fed. The gas from the residual gasification that leaves
the plant contains components from carbon. Even after a long cleaning phase (75 h) with
cold water, carbon containing gas (0,94 g) is still discharged.

Gas composition

C3H6 C3HS8
0,17 vol
CoHa % 0,4Z/V0|
)

0,61 vol

% C00,22

Feed: Sewage sludge with 12,71 wt
% DM
numbers indicate Nl ,; /8roc eed

C3H6/
0,002

C3H8/
0,007

C2H4 /
0,01

co/
0,003
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2.4.11 Experiment STOWA 11
The influence of the residence time, which was set to 1,7 min, was investigated. This value
was the lowest of all tests. Experiment STOWA 11 ran stable.

Experiment conditions
Dry matter content 12,00 %
K*-conc. (KHCO3) 2500 mg/l
real Temperature 655 °C
pressure 280 bar
real residence time 1,70 min
real Feed mass flow 701,0 g/h

Sewage sludge
time 2,00 h
Total sludge fed 1402 g
C- mass in the total feed* 69,82 g
Total mass effluent 1081 g
Total mass salt brine 59,0 g
TOC-Conc.
Effluent sample 2,36 mg/g
Salt conc. sample (Position 2) 6,57 mg/g
Gas production 49,15 NI/h
Conversion of gasification (TC) 71,4 %
TOC-conversion** 94,9 %
Mass-balance 103,6 %
C-balance (TC) 84,3 %
C-deficit (TC) -11,2 g
Gas composition
H> 20,26 Vol %
(6{0) 0,47 Vol %
CO, 30,30 Vol %
CH, 34,21 Vol %
C,H, 0,94 Vol %
C,He 12,35 Vol %
CsHe 0,45 Vol %
CgHg 1,03 Vol %
* TIC in the feed not detectable
** without the C from KHCOg3
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STOWA 11 Filter solid
. ’ salt in the . .
Feed analysis ag. Efflu_ent analys!s_ during concentrat | e o0t Flllt('arl F|IF¢r2
experiment (Position 3) e analysis . (Position5) | (Position6)
(Position 2) | 918ss jar
paramte | Coceta: | Concente | st | ster | st | | e | o | concenvavonay
matter sludge* hours | hours | hours ment | experiment | sediment matter
[ [mg/g] mg/l | g/ | (mg/ | (mg/] | [mg/] [mg/l W[eo'/ﬁ]h‘ [mg/g]
TC 415 49800 6188 7145 7139 5706 4642 33,8 349 180 (286)
TIC n.d. nd.| 4062| 4593 4729 3728 51 - n.d. n.d.
TOC (C) 415 49800 2126 2552 2410 1978 4591 - 349 180 (286)
H 60,5 7260 - - - - - - - -
N 42,2 5064 - - - - - - 13,2 10,9
o - - - - - - - 354 359 433
NO3 - - n.d. n.d. n.d. n.d. n.d. - - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - - -
NH4 - -| 8140| 8363| 8864 5897 46 - - -
TNb - - 5479 5652 5641 4730 109 - - -
P 24 2880 209 317 378 247 25,1 7,08 54,9 86,5 (79,4)
PO4 - - 476 808 943 639 53,6 - - -
S 7,8 936 57,0 77,3 113 328 31,1 1,65 12,2 n.d.
S04 - - 148 158 168 133 26,6 - - -
Ca 22,5 2700 2,10 3,06 4,20 5,38 8,16 3,29 60,1 78,6
K 3,6 432 1337 1381 1401 1054 81 6,83 30,5 31,9
Mg 31 372 4,70 1,60 2,67 3,21 11,1 1,41 53 10,8
Na 0,88 106 19,7 23,3 29,9 20,7 4,64 0,49 1,8 1,8
Si 26,5 3180 69,6 58,9 60,4 56,5 19,5 2,69 64 100
Al 12,2 1464 0,15 0,12 0,16 0,7 0,3 1,76 32,3 43
As n.d. n.d. n.d. n.d. n.d. n.d. 0,32 n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 5,6 672 n.d. n.d. n.d. n.d. 0,06 n.d. 15 2
Pb 0,11 13,2 n.d. n.d. n.d. n.d. n.d. n.d. 0,48 n.d.
Zn 0,86 103,2 n.d. n.d. n.d. n.d. 0,03 n.d. 2,3 3
Cr 0,039 4,68 n.d. n.d. n.d. n.d. n.d. n.d. 0,26 0,18
Fe 13,8 1656 2,88 1,56 1,88 0,85 9,40 4,46 34,4 48,2
Mo n.d. n.d. n.d. n.d. n.d. n.d. 0,09 n.d. 0,07 n.d.
Ni n.d. n.d. n.d. n.d. n.d. n.d. 0,12 n.d. n.d. n.d.
Cl 1,91 229 45,6 55,0 50,3 136 29,4 0,85 0,27 0,303
Hg 0,0003 0,036 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenol-
index - - 512 509 513 412 480 - - -
* for simplification it is assumed that the density of water equates to the density of sewage
sludge
Legend
n.d. not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 11.06.14

Feed
HHV: 17302 |J/g
Ash content by 550°C: 22,5|%

by 815°C: 22,1 %
by 1000°C: 21,7 %

Mass of solids:
Filterl —aqueous phase m=76,3 g

Filter2 — salt concentrate m=37,8 g

Method: ICP-AAS (except N); EDX: O-values

Method: ICP-AAS, except N and except the cursive values in brackets, which were measured
by EDX

Gas composition
C3H6 C3HS8

0,45 vol 1,03 vol
% %

C2H4
0,94 vol

% C0 0,47

vol %

Feed: Sewage sludge with 12,00 wt % DM
numbers indicate Nl ,; /8roc reed

C3H6 / C3H8 /

C2H4 /
0,01

65



Percent by mass [%]
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2.4.12 Experiment STOWA 12
The temperature of the preheater was lowered (450 °C) to investigate the influence on the

separation of the salts and a high residence time (5,31 min) was reached. Experiment

STOWA 12 ran stable.

Experiment conditions

Dry matter content 12,42 %
K*-conc. (KHCOs) 2500 mg/I
real Temperature 652 °C
pressure 280 bar
real residence time 5,31 min
real Feed mass flow 215,2 g/h

Sewage sludge
time 2,50 h
Total sludge fed 538 g
C- mass in the total feed* 27,73 g
Total mass effluent 270 g
Total mass salt brine 63,7 g
TOC-Conc.
Effluent sample 1,15 mg/g
Salt conc. sample (Position 2) 0,79 mg/g
Gas production 16,74 NI/h
Conversion of gasification (TC) 75,7 %
TOC-conversion** 97,9 %
Mass-balance 108,1 %
C-balance (TC) 86,0 %
C-deficit (TC) -3,9 g
Gas composition
H, 18,96 Vol %
CcoO 0,32 Vol %
CO, 32,52 Vol %
CH, 35,29 Vol %
C,H, 0,23 Vol %
C,Hg 12,57 Vol %
CsHe 0,02 Vol %
CsHg 0,09 Vol %

* TIC in the feed not detectable
** without the C from KHCOg3
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STOWA 12 Filter solid
in the
_ ' salt effluent _ _
Feed analysis “ocperiment (odtion 3 | “amavera | ot | estiens) | Gesivens)
(Position 2) pipe-
cleaning)
paamerer | et | G, | sty | e |t | e | oo || oo ay
matter sludge* hours | hours | hours
[ (mglg] mg/l | mo/l | [mg/ | (mg/ | [mg/] [mg] e [mg/g]
TC 415 51543 | 5227 | 6067 | 7254 4567 1406 17,2 155 137 (166)
TIC n.d. nd.| 4177 4818| 6088 3790 n.d. - n.d. n.d.
TOC (C) 415 51543 | 1049 | 1249| 1166 776 1404 - 155 137 (166)
H 60,5 7514 - - - - - - - -
N 42,2 5241 - - - - - - n.d. n.d.
@) - - - - - - - 41,5 421 430
NO3 - - n.d. n.d. n.d. n.d. n.d. - - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - - -
NH4 - -| 9665 | 10099 | 9626 5982 10 - - -
TNb - -| 7016| 6619| 6901 4963 274 - - -
88,4
P 24 2981 104 110 113 70,6 20,2 9,34 87,8 (101,8)
PO4 - -1 264 283 | 284 40,6 32,9 - - -
S 7,8 969 | 55,3| 550]| 555 31,3 48,1 0,84 n.d. n.d.
S04 - -| 66,3| 636]| 62,6 46,0 37,9 - - -
Ca 22,5 2795| 4,62| 4,85| 4,99 5,61 15,9 8,09 89,9 80,5
K 3,6 447 767 772 725 437 137 5,49 51,3 49,5
Mg 31 385| 4,17 546| 134 11,7 13 0,91 10,7 10,6
Na 0,88 109 954| 9,80 9,77 6,22 8,44 0,22 3,3 2,8
Si 26,5 3291| 665| 64,1]| 66,5 47,9 14,3 6,24 66,5 85,6
Al 12,2 1515| 0,32| 031] 0,31 0,31 0,78 4,44 50,6 41,8
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 5,6 696 n.d. n.d. n.d. n.d. n.d. 0,33 2,2 2,1
Pb 0,11 13,7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,86 107| n.d. nd.| n.d. n.d. 0,08 0,32 3,4 3,2
Cr 0,039 4,84 n.d. n.d. n.d. n.d. n.d. n.d. 0,32 0,27
Fe 13,8 1714 | 2,58 297 351 1,97 10,70 4,54 48,8 49,3
Mo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,44 n.d.
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1 n.d.
Cl 1,91 237 | 41,46 40,18| 39,7 41 32,90 0,21 1,3 1,3
Hg 0,0003 0,0373| n.d. nd.| n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 236 238 232 134 13 - - -

Legend

n.d.

not detectable or signal interference

* for simplification it is assumed that the density of water equates to the density of sewage sludge
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Additional analytical data: Sewage sludge from Oijen sample 11.06.14

Feed

HHV: 17302 | Jig

Ash content by 550°C: 22,5 %

by 815°C: | 22,1 | %

by 1000°C: | 21,7 | %

Mass of solids:
Filterl —aqueous phasem=4,9g

Filter2 — salt concentrate m = 25,2 g
Method: EDX: Cl and O-values;
ICP-AAS, except N and except the cursive values in brackets, which were measured by EDX

Gas composition
C3H6 0,02 C3H8 0,09

vol %
vol %

C2H4 0,23
vol %

C0 0,32
vol %

Feed: Sewage sludge with 12,42 wt % DM
numbers indicate Nl ., /8oc reed

C3H6/ C3H8/
0,000 0,001

C2H4 /0,00

CO /0,005




Percent by mass [%]
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The recovery rate of the trace elements is very poor. This is due to the very low total amount

present in the feed treated. To give a more detailed picture the balance of Cu, Pb, Zn and Hg

for the experiments 13 to 17 is given. Other elements like Fe, Al, Ca and P are illustrated in

the diagrams and/or listed in the Appendix.

Cu-balance

[gCu]
Cu- amount feed: 1,41
Cu- amount outlet + cold water cleaning phase + V41: 0
Cu- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1 - solid: 0,0108
filter FO1 - liquid: 0,0000088
filter FO2 - salt separation system / solid: 0,0529
filter FO2 - salt separation system / liquid: 0
Cu- amount result: 0,0637
deficit: -1,34
Pb-balance

(g Pb]
Pb- amount feed: 0,0277
Pb- amount outlet + cold water cleaning phase + V41: 0
Pb- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1- solid: 0
filter FO1 - liquid: 0,000044
filter FO2 - salt separation system / solid: 0
filter FO2 - salt separation system / liquid: 0
Pb- amount result: 0,000044
deficit: -0,0276
Zn-balance

[gZn]
Zn- amount feed: 0,216
Zn- amount outlet + cold water cleaning phase + V41: 0
Zn- amount salt concentrate +cold water cleaning phase +V33: 0,0000187
filter FO1 - solid: 0,0167
filter FO1- liquid: 0,0000088
filter FO2 - salt separation system / solid: 0,0806
filter FO2 - salt separation system / liquid: 0
Zn- amount result: 0,0973
defict: -0,119
Hg-balance

(g Hgl
Hg- amount feed: 0,0000755
Hg- amount outlet + cold water cleaning phase + V41: 0
Hg- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1 - solid: 0
filter FO1 - liquid: 0,000044
filter FO2 - salt separation system / solid: 0
filter FO2 - salt separation system / liquid: 0
Hg- amount result: 0,000044
deficit: -0,0000315

As and Cd are not detectable in the feed

(%]

(%]

[%]

(%]

100

0

0

0,765
0,000624
3,75

0

4,52

-95,5

100

0
0,00865
7,70
0,00407
37,3

0

45,0

-55,0

100

58,3

-41,7
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2.4.13 Experiment STOWA 13

In this experiment sewage sludge with a low dry matter content of 8,59 wt.-% was used to

investigate especially its influence on the conversion of gasification. Experiment 13 ran

stable.

Experiment conditions
Dry matter content 8,59 %
K*-conc. (KHCO3) 2500 mg/l
real Temperature 653 °C
pressure 280 bar
real residence time 2,92 min
real Feed mass flow 420,8 g/h

Sewage sludge

time 4,00 h
Total sludge fed 1683 g
C- mass in the total feed* 61,01 g
Total mass effluent 1269 g
Total mass salt brine 27,5 g
TOC-Conc.
Effluent sample 0,82 mg/g
Salt conc. sample (Position 2) 0,30 mg/g
Gas production 26,37 NI/h
Conversion of gasification (TC) 77,3 %
TOC-conversion** 97,9 %
Mass-balance 101,4 %
C-balance (TC) 87,1 %
C-deficit (TC) -8,1 g
Gas composition
H, 27,46 Vol %
CO 0,17 Vol %
CO, 32,86 Vol %
CH, 28,26 Vol %
CzH4 0,32 Vol %
C,He 10,45 Vol %
CgH5 0,07 Vol %
CsHg 0,42 Vol %

* TIC in the feed not detectable
** without the C from KHCOg3
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STOWA 13 Filter solid
salt in the ) )
Feed analysis aqé)I(Efqu_ent analysis during | concentrate elglsusenatr (Eélstﬁirjn (Eélstﬁirfn
periment (Position 3) analysis g J
(Position 2) expf:iﬁzm) 5 ©
paramerer | S | Caaion | e | e | | ater | ater | | concenvationary
matter Sdlﬂlétgeg* hours | hours | hours | ment S | SeelinE matter
[] [mg/g] [mg/l] [mg/l] { [mg/l] | [mg/l] { [mg/l] [mg/l] weight [%] [mg/g]
TC 422 36250 | 3844 | 3925 3946 2687 388 8,17 110 | 201 (136)
TIC n.d. n.d.| 3023 | 3080 3090 2171 65 - n.d. n.d.
TOC (C) 422 36250 821 845 856 517 323 - 110 201 (136)
H 60,9 5231 - - - - - - - -
N 48,2 4140 - - - - - - n.d. n.d.
¢} - - - - - - - 39,2 413 400
NO3 - - n.d. n.d. n.d. n.d. n.d. - - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - - -
NH4 - -| 6309 | 6856 6771 4321 67 - - -
TNb - -| 4103 | 4009 3304 2098 100 - - -
P 20 1718 186 191 188 134 12,6 9,74 79,2 77(70,9)
PO4 - - 479 479 481 51,4 33,3 - - -
S n.d. nd.| 322| 448] 36,1 23,0 29,4 1,86 3,7 3.8
S04 - -] 100| 104 102 79,0 48,1 - - -
Ca 18,5 1589 | 3,09 3,30| 3,06 4,59 5,0 7,75 73,8 53,6
K 3,2 275| 1263 | 1263 | 1260 874 149 7,97 51,5 29,6
Mg 31 266| 1,05 1,59 1,49 5,61 8,83 1,04 10,4 10,8
Na 1 859 570| 6,10| 5,95 4,83 34 0,36 4,1 2
Si 40,6 3488| 654| 61,1 623 72,5 9,5 6,15 88,9 67,2
Al 12,5 1074| 0,33| 0,33] 0,31 0,34 0,39 3,72 48,8 41,6
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,04 3,44 n.d. n.d. n.d. n.d. n.d. 0,32 4,4 3,4
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,9 773 0,03| 0,03] 0,03 n.d. n.d. 0,28 3,1 3,3
Cr 0,15 12,9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Fe 13,6 1168| 0,88 1,13| 0,72 0,88 1,98 12,65 106 104
Mo n.d. n.d. n.d. n.d. n.d. n.d. 0,29 n.d. n.d. n.d.
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cl 2,02 174 49,7 52,5| 49,0 51 33,3 0,48 n.d. n.d.
Hg n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 128 135 140 97 20 - - -
* for simplification it is assumed that the density of water equates to the density of sewage
sludge
Legend
n.d. not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 03.07.14

Feed
HHV: 17426 J/g
Ash content by 550°C: 20,8 (%
by 815°C: 20,4| %
by 1000°C: 20,01 | %

Mass of solids:

Filterl —aqueous phasem=21,2g

Filter2 — salt concentrate m=22,1g
Method: EDX (TIC was determined by another method and <0,1 wt. %)
(P) the cursive values in brackets by ICP-AAS; (C) the cursive values in brackets by another

method.

Gas composition

C3H6 0,07 C3H8 0,42
vol % vol %

C2H4 0,32
vol %

C0 0,17 vol
%

Feed: Sewage sludge with 8,59 wt % DM
numbers indicate NI, /8roc reed

C2H4 /0,01

CO /0,003
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Percent by mass [%]
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As, Cd, Hg and Pb could not be detected in the feed and in the product streams.

Cu-balance
[g Cu] [%]
Cu- amount feed: 0,0116 100
Cu- amount outlet + cold water cleaning phase + V41: 0 0
Cu- amount salt concentrate + cold water cleaning phase +V33: 0 0
filter FO1 - solid: 0,0488 421
filter FO1- liquid: 0 0
filter FO2 - salt separation system / solid: 0,0464 401
filter FO2 - salt separation system / liquid: 0 0
Cu- amount result: 0,0952 822
deficit: 0,0836 722
Zn-balance
[gZn] (%]

Zn- amount feed: 0,26 100
Zn- amount outlet + cold water cleaning phase +V41: 0,000038 0,0146
Zn- amount salt concentrate + cold water cleaning phase +V33: 0,000144 0,0552
filter FO1 - solid: 0,0827 31,6
filter FO1 - liquid: 0 0
filter FO2 - salt separation system / solid: 0,0751 28,9
filter FO2 - salt separation system / liquid: 0 0
Zn- amount result: 0,158 60,7

deficit: -0,102 39,3



2.4.14 Experiment STOWA 14

In experiment STOWA 14 no KHCO3 was added. The result was clogging after 2 h. Then the
experiment was restarted and regularly stopped after 10 h in total. Generally this

experiment shows frequently delta p in the reaction system and it was necessary to separate

more salt concentrate than planned.

Experiment conditions

Dry matter content 12,81 %
K*-conc. (KHCO3) without mg/|
real Temperature 654 °C
pressure 280 bar
real residence time 2,70 min
real Feed mass flow 430,5 g/h

Sewage sludge

time 2,00
Total sludge fed 861
C- mass in the total feed* 46,54
Total mass effluent 501
Total mass salt brine 52,9
TOC-Conc.

Effluent sample 2,82
Salt conc. sample (Position 2) 4,49
Gas production 27,75
Conversion of gasification (TC) 63,35
TOC-conversion 94,70
Mass-balance 104,37
C-balance (TC) 75,10
C-deficit (TC) -11,59
Gas composition

H, 12,63
CcoO 5,62
CO, 39,19
CH, 32,04
C,H, 0,60
C,Hg 9,61
C;sHg 0,12
C3Hg 0,19

mg/g
mg/g

NI/h

%
%
%
%

Vol %
Vol %
Vol %
Vol %
Vol %
Vol %
Vol %
Vol %

* TIC in the feed not detectable

No KHCO3 was added to the feed and therefor the concentration of potassium in this

process is generally lower.
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STOWA 14 Filter solid
. . salt Filterl Filter2
Feed analysis ag. Efflqent analys_ls_ during concentrate (Position | (Position
experiment (Position 3) ana_l_yS|s 6) 5)
(Position 2)
Parameter Concentration Qoncentration af;er afétler aftt_;er aft_er aft_er Concentration dry
dry matter diluted sludge* hours | hours | hours experiment | experiment matter
[] [mg/g] [mg/l] [mg/l] | [mg/l] | [mg/l] [mg/l] [mg/l] [mg/g]
TC 422 54058 | 6672 | 6628 | 7001 5498 4707 332 | 208 (225)
TIC n.d. nd.| 3993 3856 | 4002 3120 214 n.d. n.d.
TOC(C) 422 54058 2679 | 2772 2999 2378 4493 332 | 208 (225)
H 60,9 7801 - - - - - - -
N 48,2 6174 - - - - - 16,4 11,5
O - - - - - - - 344 423
NO3 - - n.d. n.d. n.d. 29,2 n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - -| 5966 | 6399 6222 5484 993 - -
TNb - -] 5910| 5567 | 5982 4642 1584 - -
P 20 2562| 509]| 57,3 57,0 47,0 42,1 62,4 69,4 (89,3
PO4 - - 121 131 141 115 105 - -
S n.d. n.d. 104 151 150 109 167 14,6 6,6
S04 - -| 60,0] 580 624 48,6 145 - -
Ca 18,5 2370| 950] 11,5 10,8 10,3 30,6 59,9 67,3
K 3,2 410 130 143 142 113 159 6,7 6,14
Mg 3,1 397| 495| 545| 4,90 8,92 13,5 8,3 9,9
Na 1 128| 23,1| 259]| 26,2 20,1 26,2 1,39 1,08
Si 40,6 5201| 459]| 46,0 471 46,6 90,7 96,7 110
Al 12,5 1601| 0,08 nd. [ 0,08 0,05 0,54 38,5 44,1
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,02 n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,04 5,12 n.d. n.d. n.d. n.d. n.d. 1,71 1,89
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,349 0,385
Zn 0,9 115 n.d. n.d. n.d. n.d. n.d. 2,58 3,01
Cr 0,15 19,2 n.d. n.d. n.d. n.d. n.d. 1,97 0,176
Fe 13,6 1742| 0,07 n.d. 0,07 0,06 2,24 45,5 49,9
Mo n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,035 0,027
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. 34,70 0,19
Cl 2,02 259 771 77,3 795 94,1 87,5 0,40 0,44
Hg n.d. n.d. n.d. n.d. n.d. n.d. nd.| 0,00241 0,00087
Phenolindex - - 423 438 450 370 87 - -

* for simplification it is assumed that the density of water equates to the density of sewage sludge

Legend

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 03.07.14

Feed
HHV: 17426 | J/g
Ash content by 550°C: 20,8 | %
by 815°C: 20,4 | %
by 1000°C: 20,01 | %

Mass of solids:

Filterl —aqueous phasem=47g

Filter2 — salt concentrate m=30g
Method: ICP-AAS, except N and except the cursive values in brackets, which were measured
by EDX EDX: O-values

Gas composition
C3H8 0,19
vol %

C3H60,12
vol %

C2H4 0,60

vol %
CO 5,62 vol

%

Feed: Sewage sludge with 12,81 wt % DM
numbers indicate NI, /groc reeq

C3H6/

C3H8
0,001 /

C2H6 /0,11 0,002

C2H4 /0,01
CO /0,067
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2.4.15 Experiment STOWA 15
The intention of the test was the investigation of the salt separation at low temperature.

Therefore the preheater temperature was set to only 400 °C the lowest value of all

experiments. Experiment STOWA 15 ran stable.

Experiment conditions

Dry matter content 13,35 %
K*-conc. (KHCO3) 2500 mg/|
real Temperature 653 °C
pressure 280 bar
real residence time 2,66 min
real Feed mass flow 430 g/h
Sewage sludge
time 3,00 h
Total sludge fed 1290 g
C- mass in the total feed* 69,23 g
Total mass effluent 883 g
Total mass salt brine 154 g
TOC-Conc.
Effluent sample 2,53 mg/g
Salt conc. sample (Position 2) 1,83 mg/g
Gas production 29,23 NI/h
Conversion of gasification (TC) 65,3 %
TOC-conversion** 95,6 %
Mass-balance 105,9 %
C-balance (TC) 78,7 %
C-deficit (TC) -14,9 g
Gas composition
H> 16,05 Vol %
CcoO 0,50 Vol %
CO, 37,32 Vol %
CH, 33,86 Vol %
C,H, 0,53 Vol %
C,He 11,24 Vol %
CsHg 0,14 Vol %
CgHg 0,35 Vol %

* TIC in the feed not detectable
** without the C from KHCOg3
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STOWA 15 Filter solid
. ’ salt Filterl Filter2
Feed analysis adg. Efflqent analys!s_ during concentr_ate (Position | (Position
experiment (Position 3) anql_y3|s 5) 6)
(Position 2)
hours | hours | hours
[l [mg/g] [mg/l] [mg/l] | [mg/l] | [mg/l] [mg/l] [mg/l] [mg/g]
TC 402 53667 | 8667 | 8462 | 8040 6330 2506 343 | 248 (279)
TIC n.d. nd.| 5940 | 5803 5565 4429 269 n.d. n.d.
TOC (C) 402 53667 | 2727 | 2659 | 2475 1901 2236 343 | 248 (279)
H 60,6 8090 - - - - - - -
N 47,4 6328 - - - - - n.d. 16,2
¢] - - - - - - - 326 391
NO3 - - n.d. n.d. n.d. n.d. n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - -] 6702 ] 6920 | 6022 1764 382 - -
TNb - -| 8100 7599 | 7613 6025 567 - -
P 21,8 2910 178 280 242 141 23,6 60,9 | 76,9 (82,9)
PO4 - - 477 747 631 68,7 44,4 - -
S 8,7 1161 493 581 703 446 574 38,4 21,1
S04 - - 150 167 127 91,0 67,4 - -
Ca 16,3 2176 | 7,15 119] 14,2 9,55 13 53,4 57
K 2,96 395 966 | 1129 842 588 182 44,8 30,3
Mg 2,86 381| 220| 1,30 1,30 4,5 9 8,8 11,9
Na 0,84 112 6,60| 12,3| 17,7 8 6,45 3,4 2,8
Si 35,3 4713| 56,3| 47,5| 56,9 59,3 32,3 128 141
Al 12,2 1629 | 0,08| 0,07 0,07 0,05 0,18 42,2 43,3
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,59 78,8 n.d. n.d. n.d. n.d. n.d. 2,2 2,3
Pb 0,111 14,8 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,96 128 n.d. n.d. n.d. n.d. n.d. 3,6 3,7
Cr 0,042 5,61 n.d. n.d. n.d. n.d. n.d. 0,17 0,22
Fe 20,9 2790| 0,02 0,06]| 194 0,27 16,4 76,7 84,3
Mo 0,015 2,00 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni 0,024 3,20 n.d. n.d. n.d. n.d. n.d. 1,3 n.d.
Cl 2,83 378| 70,6| 835| 75,8 69 44,4 0,0818 0,401
Hg 0,00063 0,084 0,0 0,0 0,0 0,0 0,0 n.d. n.d.
Phenolindex - - 506 535 518 365 36 - -

* for simplification it is assumed that the density of water equates to the density of sewage sludge

Legend

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 18.07.14

Feed
HHV: 16504 | J/g
Ash content by 550°C: 22,45 | %
by 815°C: 22,17 | %
by 1000°C: 21,82 | %

Mass of solids:
Filterl —aqueous phasem=26g

Filter2 — salt concentrate m=33 g

Method: ICP-AAS, except N and except the cursive values in brackets, which were measured

by EDX EDX: O-values

Gas composition

C3H6 0,14 vol
%

C3H8 0,35 vol
%

C2H4 0,53 vol
%

C0 0,50 vol %

Feed: Sewage sludge with 12,42 wt % DM
numbers indicate NI, /8roc feeq

C3H6 /0,002

C3H8/ 0,004

C2H4 /0,01

CO /0,006
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As, Cd, Hg and Pb could not be detected in the product streams. As and Cd were also not

detectable in the feed. In the feed used some 0,0002 g Hg and 0,04 g Pb were detected.

Cu-balance
[g Cu]
Cu- amount feed: 0,211
Cu- amount outlet + cold water cleaning phase + V41: 0
Cu- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1 - solid: 0,0572
filter FO1- liquid: 0
filter FO2 - salt separation system / solid: 0,0759
filter FO2 - salt separation system / liquid: 0
Cu- amount result: 0,133
deficit: -0,0781
Zn-balance
[gZn]

Zn- amount feed: 0,344
Zn- amount outlet + cold water cleaning phase +V41: 0
Zn- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1 - solid: 0,0936
filter FO1 - liquid: 0
filter FO2 - salt separation system / solid: 0,122
filter FO2 - salt separation system / liquid: 0
Zn- amount result: 0,216
deficit: -0,128

100

27,1

35,9

63

-37,0

100

27,2

35,5

62,8

37,2
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2.4.16 Experiment STOWA 16

In Experiment STOWA 16 the dry matter content of the feed was increased to 15 wt.-%.

During the tests with sewage sludge from Lelystad with such a high dry matter content

plugging occurred, but this test ran stable.

Experiment conditions

Dry matter content 15,00 %
K*-conc. (KHCO3) 2500 mg/l
real Temperature 653 °C
pressure 280 bar
real residence time 2,75 min
real Feed mass flow 423 g/h

Sewage sludge
time 2,00 h
Total sludge fed 846 g
C- mass in the total feed* 51,01 g
Total mass effluent 547 g
Total mass salt brine 90,5 g
TOC-Conc.
Effluent sample 2,39 mg/g
Salt conc. sample (Position 2) 1,09 mg/g
Gas production 37,55 NI/h
Conversion of gasification (TC) 75,9 %
TOC-conversion** 96,5 %
Mass-balance 106,3 %
C-balance (TC) 81,6 %
C-deficit (TC) -6,7 g
Gas composition
H> 13,76 Vol %
CcO 0,44 Vol %
CO, 41,24 Vol %
CH, 32,86 Vol %
C,H, 0,46 Vol %
C,He 10,85 Vol %
CsHs 0,10 Vol %
CsHs 0,29 Vol %

* TIC in the feed not detectable
** without the C from KHCO4
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STOWA 16 Filter solid
. . salt Filterl Filter2
Feed analysis ag. Efflqent analys_ls_ during concentrate (Position | (Position
experiment (Position 3) ana_l_yS|s 5) 6)
(Position 2)
Parameter Concentration C_oncentration after 5 | after 6 | after 7 aft_er aft'er Concentration dry
dry matter | diluted sludge* | hours | hours | hours | experiment | experiment matter
[-] [mg/g] [mg/l] [mg/l] | [mg/] | [mg/l] [mg/l] [mg/l] [mg/g]
TC 402 60300 9268| 9034| 8808 6678 3377 315| 169 (279)
TIC n.d. nd.| 6575| 5990 6368 4571 154 n.d. n.d.
TOC (C) 402 60300 [ 2693 | 2044 | 2440 2006 3223 315| 169 (279)
H 60,6 9090 - - - - - - -
N 47,4 7110 - - - - - 19,3 10,7
O - - - - - - - 349 386
NO3 - - n.d. n.d. n.d. n.d. n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - -| 11560 | 12680 | 13000 7120 703 - -
TNb - -| 7798 | 6806 | 7487 5678 923 - -
P 21,8 3270 307 314 327 194 27,1 60,7 | 76,4 (77,3)
PO4 - - 198 207 246 181 56,0 - -
S 8,7 1305 129 150 158 95,5 152 12,9 n.d.
S04 - - 155 144 130 71,0 136 - -
Ca 16,3 2445| 20,0 235| 241 16,2 14,1 53,6 55,4
K 2,96 444 922 888 901 701 300 45 32,2
Mg 2,86 429| 040| 081] 0,75 1,63 12 8,6 11,7
Na 0,84 126 24,4 26,4 26,7 14,8 6 3,1 3,1
Si 35,3 5295 47,7 48,5 50,1 53,9 46,4 131 164
Al 12,2 1830 n.d. n.d. n.d. n.d. n.d. 40,3 40,8
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,59 88,5 n.d. n.d. n.d. n.d. n.d. 2,2 2,2
Pb 0,111 16,7 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,96 144 n.d. n.d. n.d. n.d. n.d. 3,6 3,6
Cr 0,042 6,3 n.d. n.d. n.d. n.d. n.d. 0,17 0,18
Fe 20,9 3135| 0,72 031] 0,20 0,15 14,0 81 82,4
Mo 0,015 2,25 n.d. n.d. n.d. n.d. n.d. 0,64 n.d.
Ni 0,024 3,6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cl 2,83 425 113 112 97 124 74,6 0,997 0,298
Hg 0,00063 0,0945 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 575 583 580 415 51 - -

* for simplification it is assumed that the density of water equates to the density of sewage sludge

Legend

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 18.07.14

Feed
HHV: 16504 | J/g
Ash content by 550°C: 22,45 | %

by 815°C: | 22,17 | %

by 1000°C: 21,82 | %

Mass of solids:
Filterl —aqueous phasem=32g

Filter2 — salt concentrate m=39¢g
Method: ICP-AAS, except N and except the cursive values in brackets, which were measured
by EDX EDX: O-values

Gas composition
C3H6 0,10
vol %

C3H8 0,29
vol %

C2H6 10,85
vol %
C2H4 0,46
vol %

CO 0,44 vol
%

Feed: Sewage sludge with 12,71 wt % DM
numbers indicate NI, /groc reeq

C3H6/

C3H8 /
C2H6/0,16_ 0,001

0,004

C2H4 /0,01 CO /0,006
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As, Cd, Hg and Pb could not be detected in the product streams. As and Cd were also not

detectable in the feed. In the feed used some 0,0003 g Hg and 0,049 g Pb were detected.

Cu-balance
[g Cu]
Cu- amount feed: 0,262
Cu- amount outlet + cold water cleaning phase + V41: 0
Cu- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1 - solid: 0,0704
filter FO1- liquid: 0
filter FO2 - salt separation system / solid: 0,0858
filter FO2 - salt separation system / liquid: 0
Cu- amount result: 0,156
deficit: -0,106
Zn-balance
[gZn]

Zn- amount feed: 0,426
Zn- amount outlet + cold water cleaning phase +V41: 0
Zn- amount salt concentrate + cold water cleaning phase +V33: 0
filter FO1 - solid: 0,115
filter FO1 - liquid: 0
filter FO2 - salt separation system / solid: 0,14
filter FO2 - salt separation system / liquid: 0
Zn- amount result: 0,256
deficit: -0,171

[%]

[%]

100

26,9

32,8

59,6

-40,4

100

27,0

32,9

60,0

-40,0
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2.4.17 Experiment STOWA 17
For experiment STOWA 17 the dry matter content was increased to the highest value

(17,37 wt.-%) of all experiments. The feed flow rate was lowered to obtain a residence time
of 5,43 min. The experiment proceeded stable during the feed phase. After 6 h a blockage of

the flow rate occurred within the tee and the line between the preheater and the reactor.

For this reason the cleaning phase was then started and ran irregular. The particles which

were responsible for plugging are not analysed.

Experiment conditions

Dry matter content 17,37 %
K*-conc. (KHCO3) 2500 mg/I
real Temperature 648 °C
pressure 280 bar
real residence time 5,43 min
real Feed mass flow 210,5 g/h

Sewage sludge

time
Total sludge fed

C- mass in the total feed*
Total mass effluent
Total mass salt brine

TOC-Conc.
Effluent sample
Salt conc. sample (Position 2)

Gas production

Conversion of gasification (TC)
TOC-conversion**
Mass-balance

C-balance (TC)

C-deficit (TC)

Gas composition

H>
CcoO

CO,
CH,
C,H,
CoHe
CsHe
CsHs

2,00
421

31,01
147
99

0,80
4,58

17,03

48,6
97,2
1159
58,3
-13,1

25,74
0,46

29,69
35,94
0,10
8,01
0,01
0,06

Qoo Q o

mg/g
mg/g

NI/h

%
%
%
%

Vol %
Vol %

Vol %
Vol %
Vol %
Vol %
Vol %
Vol %

* TIC in the feed not detectable
** without the C from KHCO4
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STOWA 17

Filter solid

. ag. Effluent analysis during con::r!ttrate Fi”?fl F‘“?TZ
Feed analysis experiment (Position 3) analysis (POS5I)tI0n (POSGI)tIOI']
(Position 2)
Concentra- | Concentra- .
Rl el E137 (Holp =D if(t)irr: f:)irrg f:)irrg expéclefrti?rzent expéclefrti?rzent ConC?:tart?(teI? nay
matter sludge*
[ [mg/g] [mg/l] [mg/ll | [mg/] | [mg/l] [mg/l] [mg/l] [mg/g]

TC 424 73649 6539 7595 8380 5336 8761 358 276
TIC n.d. n.d. 5855 6754 7504 4438 299 n.d. n.d.
TOC (C) 424 73649 684 841 876 898 8461 358 276
H 64,3 11169 - - - - - - -
N 44,3 7695 - - - - - 19,7 17,2
0 - - - - - - - - -
NO3 - - n.d. n.d. n.d. n.d. n.d. - -
NO2 - - n.d. n.d. n.d. n.d. n.d. - -
NH4 - - 9140| 10600 11400 5970 857 - -
TNb - - 5855 6528 6754 4605 1716 - -
P 20,40 3543 54,3 65,7 78,9 44,7 50,1 55,7 84,5
PO4 - - 188 213 218 75,0 147 - -
S 6,68 1160 16,0 22,1 29,4 18,7 198 147 125
S04 - - 41,2 59,6 74,7 47,1 211 - -
Ca 13,9 2414 5,10 3,74 3,06 5,55 21,6 46,4 58
K 2,82 490 201 400 550 247 729 35,7 34,6
Mg 2,61 453 4,00 5,70 7,00 4,24 25,2 74 10,9
Na 0,67 117 2,82 5,31 7,16 4,32 10,2 2,35 2,6
Si 15,79 2743 20,2 27,2 33,1 23,7 53,4 148 114
Al 9,31 1617 0,20 0,17 0,15 n.d. n.d. 43,7 39
As n.d n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0,45 77,3 n.d. n.d. n.d. n.d. n.d. 2 2,1
Pb 0,05 8,23 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 0,48 83,3 n.d. n.d. n.d. n.d. 0,06 31 2,3
Cr 0,02 4,21 n.d. n.d. n.d. n.d. n.d. 0,29 0,26
Fe 18,5 3213 1,53 0,85 0,83 1,3 2,66 54,8 80
Mo 0,01 1,32 n.d. n.d. n.d. n.d. n.d. 0,29 n.d.
Ni 0,01 2,49 n.d. n.d. n.d. n.d. n.d. 4,4 1,7
Cl 2,11 367 93,6 153 184 75 147 0,266 0,421
Hg - - 0,0 0,0 0,0 0,0 0,0 n.d. n.d.
Phenolindex - | 2e5] 3saf 388 196 93 - -

* for simplification it is assumed that the density of water equates to the density of sewage sludge

Legend

n.d.

not detectable or signal interference
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Additional analytical data: Sewage sludge from Oijen sample 16.09.14

Feed
HHV: 18105 J/g
Ash content by 550°C: 15,91 | %
by 815°C: 15,62 | %
by 1000°C: 14,97 | %

Mass of solids:

Filterl —aqueous phasem=5,2 g

Filter2 — salt concentrate m=32,9¢g
Method: ICP (except N); EDX: C and O-values

Gas composition

C,H, 0,01

vol % C;H; 0,06

C,H. 8,01
2 e vol %

C0O 0,46 vol
%

Feed: Sewage sludge with 17,34 wt % DM
numbers indicate NI, /groc feeq

C3H6/
C2H6 /0,09 0,000

C2H4 /0,00

CO /0,005
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3  Influence of the process parameters on the products

The experiments showed that the reaction temperature has the greatest influence on the gasification
yield. Generally with sewage sludge from Oijen higher gasification yields were reached than with
sewage sludge from Lelystad. In the following the influence of the process parameters on the
products will be addressed.

3.1 Influence of the reaction temperature

The C-gasification yield increases with the reactor temperature. Correspondingly there is a trend of
decreasing TOC content in the waste water with the reactor temperature while the TN, and NH,"
values increase. The variation of the different values is high. Due to the low number of experiments it
is not possible to define runaway values.
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The influence of the reaction temperature on the gasification during the experiments with the sludge
from Oijen has not been studied. All experiments with this sludge were performed at a reaction
temperature of 650 °C. Notice: the N-concentration in the salt concentrate is low.
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3.2 Influence of the concentration of the feed
The scattering of the results in the diagrams below is too high to make a statement about the
influence of the concentration of the feed. Probably many parameters influence the results. The TOC
content increases over proportional compared to the dry matter concentration. This is an indication
for lower conversion rate at increased dry matter content. The TNb is always lower than NH,". The
reason is analytical error due to not known inteferences from other species in the samples.
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In Table 6 the C-balances at a reactor temperature of 650 °C and a mean residence time of 3 minutes
are listed. The values show that the dry matter content does not influence the C-balance. This is an
indication of no significantly increased shoot and tar formation at higher dry matter concentrations.

Table 16: C-balance at 650 °C and 3 min mean residence time.

TS C- Balance
% (%]
Typ 5 12,52 80,74
Lelystad 7 12,33 77,7
9 11,69 80,49
10 12,71 81,83
12 12,42 85,84
Typ Oijen 13 8,59 86,87
14 12,81 73,87
15 13,35 77,31
16 15,00 81,59
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3.3 Influence of the residence time

The scattering of the results in the diagrams below is again too high to make a statement about the
influence of the residence time. Probably many other parameters influence the results
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3.4 Influence of the preheater temperature on the salt separation
In the following Table 17 the ratio of phosphorus and carbon found in the solid residue of filter 2 of
the salt separation line is listed. However no clear tendency can be observed.

Table 17: P/C ratio in the solid of filter 2 (salt concentrate) (method: P-ICP; C-DIN EN 13137)

Experiment 10 11 12 13 14 15 16 17
P, mg/g 76,3 86,5 88,4 70,9 69,4 76,9 76,4 84,5
C, mg/g 219 180 137 136 208 248 169 276
P/C 0,348 | 0,481 | 0,645 | 0,521 | 0,334 | 0,310 | 0,452 | 0,306
T preheater 470 460 450 450 460 400 450 460
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4

Pilot scale experiment KS1

In the following the run and the results of the pilot-scale test in the VERENA facility are
presented.

4.1

Water

Feed

Process flow sheet of the pilot plant

W206

Water

7

Gas
Water

B302

concentrate

Y

(

effluent

B306

salt
concentrate

B202

Figure 8: Process flow sheet of the VERENA plant (the buffer tank B205 was first implemented
for the second pilot-scale experiment)

P103:
P108:

A201:
B202:
B204:

diaphragm pump with 2 pump heads

hose diaphragm pump with 1 pump head, a lower frequency and a bigger valve
diameter (28 mm) than P103 (valve diameter: 10 mm)

propane gas burner

collection vessel for the salt concentrate (cyclone)

collection vessel for the salt concentrate (sump reactor)
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B205:

C201:
V201:

V203:

W201:
W202:
W203:
W204:
W205:
W206:
W207:

Z201:
B301:
B302:
B306:

4.2

buffer tank to realize a second pressure step (first implemented after experiment
KS1)

reactor (slim vessel)

blower for the recirculation of the flue gas of the heating system of the reactor and
the main preheater

blower for the recirculation of the nitrogen gas of the heating system of the salt
separation system

double-pipe heat exchanger

main preheater

cooler

cooler for the salt concentrate from the sump of the reactor

cooler for the salt concentrate from the sump of the cyclone

electric heater which heats up nitrogen gas in a closed loop

preheater of the salt separation system

cyclone, attached to the bottom of the preheater W207

separation vessel

separation vessel equipped with an integrated CO; scrubber

vessel for the effluent of the process

Pretreatment

The sewage sludge from Oijen was delivered in 15 steel vessels which were filled with

dewatered sludge cake and centrate liquid from the dewatering process. The content of the

barrels is shown in Table 39.

Table 18: Amount of dewatered sludge cake and centrate liquid in the delivered vessels.

dewatered sludge cake Centrate liquid
nr. (kg) (kg) Dry matter % in vessel
1 120,8 80,4 13,9
2 120 80,4 13,9
3 122 80,2 14,0
4 120,4 80,2 13,9
5 121 79,8 14,0
6 120,8 80 14,0
7 121,2 80 14,0
8 119,8 80,4 13,9
9 121,4 80,4 14,0
10 121 80 14,0
11 140 60 16,2
12 141,6 60,2 16,3
13 140,2 60,2 16,2
14 140,2 60 16,2
15 139,8 60,2 16,2
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The content of every vessel was filled into the tank of a screwpump as shown in Table 9a).
Parallel to each barrel 5,5 L KHCO3 solution were added, which results in a concentration of
2500 mg K+/L since potassium salts catalyse the gasification reaction (K+ is added at a
concentration of 2500 mg/L sludge additionally to the original K value of the sludge). The
sludge with the KHCO3 solution was recirculated for homogenization (see Table 9a)).
Subsequently the preconditioned sewage sludge was conveyed into an IBC (see Table 9b))

and homogenized again.

Bl

‘t Ihne f

Xy

F|e 9:rétré21tment 0% eegif
The sludge of overall 4 IBCs was than pumped through a colloid mill for better
homogenization. This treatment did not change the macroscopic appearance of the sludge.
Furthermore during this procedure 70 kg water were added each to IBC No. 1 and IBC No. 3
while part of the content of IBC No. 1 was transferred in IBC No. 4 after dilution. In Table 40
it is listed in which of the 4 IBCs which vessel was filled. Only sewage sludge of IBC No. 1 was
used for experiment KS1, due to premature end of the experiment.

Table 19: Assignment of the barrels to the IBCs.

IBC No. vessel No. Dry matter % in IBC
1 6,7,8,9,10 11,8*
2 1,2,3,4,5 14,8
3 11,12, 14,15 13,4+
4 13, part of IBC No. 1 after dilution 14,7

*determined after dilution with water

After homogenisation and preparation with KHCO; , the feed showed biological activity. This
was obvious from the odour, bubbles in the whole mass and a volume expansion of about
20 %.
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To determine the dry matter content of the 4 sewage sludge charges respectively ca.
200 g sewage sludge were dried in an oven at 105 °C for 24 h. A double determination of the
dry matter of every charge was performed.

4.3 Parameters of the experiment

The pilot plant VERENA was operated at a pressure of 280 bar like the lab-scale apparatus
LENA during all 15 experiments with sewage sludge. In Table 41 the parameters of the
experiment are summarized. The selection of the experimental parameters is based on the
results of the lab scale tests.

The trends of the temperatures in the reactor are depicted in the Appendix.

Table 20: Experimental parameters of the pilot-scale test

Dry Matter 1 2 Reactor-
T T Feed
No. | Type |of the Feed- |pressure| " Reactor | residence
sludge (outlet) |[(midpoint)| time sludge H,O
(1 | [ [wt-%] [bar] [°C] [°C] [min] [kg/h] | [kg/h]
KS-1| Oijen 11,8 280 470 665 1,8 45,3 11,7

L Toreneater is the outlet temperature of the preheater W207 of the salt separation system.
2 Treactor is the mean midpoint of the triple thermocouple within the reactor C201.

4.4 Detailed description and result of the experiment

The mean residence time is calculated for pure water under operation conditions. This
simplification is necessary due to lack of data for sewage sludge under the operation
conditions.

The flow rate of the feed results from the predetermined residence time. Thereby the
following assumptions (simplifications) are made:

e The sewage sludge consists of dry matter and water, but for simplification it is
assumed, that the density of water under operating conditions equates to the density
of the sewage sludge under operating conditions.

e The overall density in the reactor is not affected by the occurring gasification
reactions.

The residence time of the reactor of the VERENA plant was calculated by the following
equation:

Vreactor _ Vreactor * PH20

Treactor -

VFeed Mreed
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In comparison to the calculation of the reactor residence time of the lab-scale test, the
reactor was not divided into different temperature zones to calculate residence times of
different volume segments.

The balance of the different elements for the experiment is evaluated on two different ways
that are time dependent. One balance is formed under constant operating conditions. Most
important results of this calculation are the TOC content (TOC = total organic carbon;
analysis method: DIN EN 1484) of the waste water, the gas composition and the carbon
gasification yield. The second balance is the total balance. This balance is formed over the
period of the first sludge input till the very end of sludge feeding. By this calculation a
balance of the other elements is also possible.

In the following the equations that were used for evaluation of the pilot-scale tests are

specified:

Conversion of gasification

m
Yogs = —=5%° 4100

Mrc Feed

Mrc,gas = Mrc,pc t Mrc,pc-6B T MrC LG-ef fluent T MTC,LG—cyclone T MTC LG—-reactor

) k
. Mreed [Tg] * DM[%] mg mg
Mrc Feed = 100 * Crc,Feed—DM [7]/ 1000[7]

In contrast to the lab-scale experiments the phase separation in the pilot plant VERENA
takes place under high pressure. Subsequently the lean gas of the separated aqueous phase
of vessel B306 is taken into account and also the lean gas of the salt concentrate vessels
B202 and B204. The CO, solubility in water under ambient conditions is low, about 1.5 g/kg.
This is part of the TIC of the waste water.

Y¢as: conversion of the gasification Mrc Feeq: 1C-mass flow of the feed
Mrc gas: SUM of TC-mass flow of all gas streams DM: dry matter content

Mpeeq: feed mass flow (only sewage sludge) TC: Total Carbon

Crc Feed—pm: cOncentration of TC in the dry matter of the feed
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C-balance (Y():

mTC,out
Yo =——
mTC,Feed

Mmrc,feed = Mreed—bdM * CTC,Feed—DM

Mrc,out = Mrcreactor + mTC,effluent + mTC,cyclone—l + mTC,cyclone—s + Mrc,Gas

Mrc oue: TC-mass flow of all output streams
MEgeeq—pm: dry matter mass flow of the feed

Mrc reactor: 1C-mass flow of the salt concentrate stream from the sump of the reactor

Mrceffluent: 1C-mass flow of the effluent
Mrc cyclone—1+ TC-mass flow of the sump of the cyclone (liquid)
Mrc,cyclone—s: 1C-mass flow of the sump of the cyclone (solid)

Cold gas efficiency (CGE):

CGE = TPtotal gas [W]
TPfeed [W]

TPiotar gas — Z TP
TPl' = Ti’li * HHVl
TPfeed = Mpeea-pm * HHVpy

TPiotar gas: thermal power of total gas

T Pseeq: thermal power of the feed

TP;: thermal power of the gas component i

m;: mass flow of the gas component i

HHYV;: higher heating value of the gas component i
HHVpy: higher heating value of the dry matter of the feed
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TOC-conversion:

. mTOC,out
TOC — conversion = 100 — ———

Mroc, feed

* 100

Mroc,out = mTOC,reactor + mTOC,effluent + mTOC,cyclone—l + mTOC,cyclone—s

Mroc,feed = Mreed—bM * CTOC,Feed—DM

Mroc,out: TOC-mass flow of all output streams

Mroc Freea: TOC-mass flow of the feed

Mroc reactor: TOC-mass flow of the salt concentrate stream from the sump of the reactor
Mroc,ef fluent: 10C-mass flow of the effluent

Mroc,cyclone—1: TOC-mass flow of the sump of the cyclone (liquid)

Mroc,cyclone—s: TOC-mass flow of the sump of the cyclone (solid)

Croc Feed—pm: cOncentration of TOC in the dry matter of the feed
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In Table 21 the analysed parameters are listed.

Table 21: Analysed parameters

Gas Aq. effluent and
composition salt concentrate
Feed: dried sludge (ag. phase)
Dry matter content H,
Organic matter content co
Heating value CO,
CHN(O) analysis CH,
TC C,H, TC
TIC C,H¢ TIC
TOC CsHg TOC
H CsHg P
P NH; S
S H,S PO4
N tars SO4
Ca Hg TNb
K NOs and NO,, NH,"
Mg Ca
Na K
Si Mg
Al Na
As Si
Cd Al
Cu As
Pb Cd
Zn Cu
Cr Pb
Fe Zn
Mo Cr
Ni Fe
cl Mo
Hg Ni
cl
Hg
Phenol Index
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The parameters of Table 21 were analysed analog to the parameters of the lab-scale test
(see chapter 4.4). An exception is that the TOC concentration was only calculated via the
difference of TC to TIC. The analyses have been performed in three different labs (two in KIT
and one by Aquon-NL). Additional measurements of NHs, H,S, tars and Hg in the product gas
of the pilot scale test were performed.

Gas analysis has been performed in three KIT labs and additionally the Hg measurement has
been performed by Tauw (NL). For the analysis of NH3 and H,S in the gaseous phase
sampling bags -made of aluminium- were filled with the product gas which was analysed
offline by Micro-GC. The Hg analysis of the product gas was measured by the method NEN-
EN 13211: 2001. This measurement was performed external by Tauw B.V.. To analyse tars
(benzene, toluene, naphthalene) in the gas phase a cold trap was installed to transfer the
tars into a mixture of water and ethylene glycol. In the forefront of the experiment the gas
velocity, temperature, solvent and the time for condensing out was varied to optimize this
method. Based on these tests 1,5 NL gas were transferred through 20 mL H,0:ethylene
glycol (9:1) in 30 minutes. The resulting mixture was analysed thereafter by Headspace GC-
MS.

4.4.1 Progress of experiment KS1

9" February
To carry out a pilot scale experiment, the VERENA plant first has to be heated. The campaign

started on Monday the 9th February 2015 at 8:00 am. The plant was fed with 59 kg water
per hour at a pressure of 250 bar. At first the feed stream was 59 kg/h —instead of the
planned 75 kg/h- because the pump P103 which was intended for conveying the water did
not work properly. So another water pump P104 was used at the beginning. The
temperature of the two heating systems (for the salt separator and for the preheater and
the reactor) was increased by 60 °C/h. At 12 o’clock the pump P103 had been repaired and
delivered 75 kg water/h into the plant while the pump P104 had been switched off. At
5:25 pm the pressure was increased to 280 bar. To prepare the operation with sewage
sludge the IBC No. 1 was brought into the VERENA hall at 10:30 pm and the sludge was
pumped in a circle for homogenization.

10" February
At about 6:00 am on Tuesday the lines for the separation of the salts from the sump of the

cyclone and from the sump of the reactor were put into operation. After the desired
temperatures (470 °C after the salt separation system and mean reactor temperature
660 °C) were reached again the two tanks for the collection of the salt concentrates and the
waste water tank were drained. At this point the plant was in operation with water at high
temperatures for several hours.
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Subsequently at 9:10 am sewage sludge was pumped into the reaction system while the flow
of water was reduced (see Figure 10). However the delivery of sewage sludge into the plant
had to be stopped after 45 minutes because the flare failed and the hose between the IBC
No. 1 and the high pressure pump burst. For about 3 % hours the plant was fed with 70 kg
water per hour till the flare could be ignited again and the hose was repaired. During this
period of time the line for the separation of salts from the sump of the cyclone had to be
taken out of operation for a while because a leakage in this line occurred (see Figure 12). It
was not a problem since the system was fed only with water. At 1:00 pm the operation with
sewage sludge was restarted but a feeding rate of 75 kg/h was not achievable. This is most
probably due to the visible gas bubbles in the feed slurry, which reduced the density of the
feed and thus the weight/hour rate. The flow rate is measured by mass flow meters and was
all the time correct. Pressure peaks from the sludge pump lead frequent to interruptions of
the process. This is due to the high viscosity of the concentrated sludge and the high feeding
rate. The amount of water was gradually reduced to a minimum value of 10 kg/h. During the
feeding of sewage sludge the line for the removal of the salt concentrate from the sump of
the cyclone was generally overloaded. When suddenly a plug appeared this was solved by
increasing the opening time of the appropriate pneumatic valve (see Figure 8, position 1).
The time interval for opening and closing of this pneumatic valve had to be adjusted several
times to compensate variation in the flow rate at the sump of the cyclone. Higher flow rates
indicated that the valve was leaking due to erosion by solids. Between 4:16 pm and 4:33 pm
the first gas bottle (GF 3) was filled with product gas, while the second gas bottle (GF 12) was
filled from 6:35 pm to 7:14 pm (see Figure 11). During operation with sewage sludge, after
few hours the pressure in the entrance of the plant became higher (more than 10 bar) than
the pressure in the reactor and the exit part of the plant. This was an indication for general
fouling. Most of this increase occurred in the main preheater (W207) of the plant. The
pressure difference there steadily increased so that the feeding with sewage sludge had to
be stopped at 10:00 pm. The plant was flushed with water in order to prevent the plant from
total plug. Thereby a pressure peak caused the bursting of a rupture disk at 11:00 pm and
the plant had to be cooled down.

After experiment KS1

After cooling down a very persistent plug in the section between the cyclone and the reactor
appeared. It took several days of work and very high pressures (600 bar) in order to remove
this plug. The working hypothesis of this is that during normal operation fouling appeared in
the preheater. After the pressure in the first part of the plant exceeds 300 bar, the rupture
disk failed and a reverse very fast flow started. This fast flow removed part of the solids
(fouling) covering the inner surface of the pre-heater in the reverce direction and produced
the persistent plug.
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4.4.2 Experimental data KS1
In the following the operation diagrams (screen shots) of experiment KS1 are shown. In Figure 14 and
Figure 15 the in- and out-streams of experiment KS1 are depicted as bar diagrams.

Figure 10: Feed stream of the VERENA test in kg/h.

Figure 11: Amount of product gas in Nm®%h.




Figure 12: Sum of the salt concentrate separated from the sump of the cyclone (green) and
from the sump of the reactor (black) in kg.

Figure 13: Sum of the lean gas from the waste water (turquois) and the salt concentrate
separated from the sump of the reactor (black) in liter.
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Figure 14: IN streams (positive values) and OUT streams (negative values) of the VERENA test KS-1 on Tuesday, the 10™ February 2015 (without the

effluent water).
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Figure 15: IN streams (positive values) and OUT streams (negative values) of the VERENA test KS-1 (without the effluent water) for the whole
experimental time (including the heat up phase).
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Table 22: EDX integral analysis of the residue of the plugging in the VERENA plant.

Element |Weight-%
C 66.00
0] 10.61
Al 0.59

Si 0.78

P 0.78

S 0.81

K 3.07
Ca 0.73
Cr 4.89
Fe 3.33

Ni 5.62
Nb 0.52
Mo 2.26
Total 100.00

P 1mm ' BSE2
Figure 16: REM-picture of the residue of the
plugging in the VERENA plant.

In Table 23 and Figure 17 the EDX/REM results of the analysis of some solid residue collected

at the end of the reaction system are shown. It consists of corrosion products and salts and
had a dark grey colour. The total mass was low and this should be understood only as
indication of some corrosion products. This means there is some corrosion.

Table 23: EDX analysis of some solid residue in the VERENA plant.

Element |[Weight-%
C 31.14
0] 18.23
Al 0.35

Si 0.52

P 0.21

S 3.26

K 0.35
Ca 0.13

Ti 0.16
Cr 14.48
Fe 2.40

Ni 25.51
Nb 2.05
Mo 1.21
Total 100.00

Lk 1mm ' BSE1

Figure 17: REM-picture of some solid residue in the
VERENA plant (corrosion).
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4.4.3 Experimental results

Table 24 shows the carbon balance under operating conditions. The balance period from
3:45 pm to 9:10 pm was selected according to constant flow rate of the feed (see Figure 10)
and gas production rate Vg, (see Figure 11). Feed,y is the total pumped amount of
sewage sludge within the duration of the balance period. C;yta is the total amount of carbon
in Feedyta)- Thus the TOC and TIC amount of the feed as well as the carbon input via KHCO;
is taken into account. The TOC-, NH,} -, TNy-values of the effluent water are averaged values
from three individual measurements. The carbon yield Y specifies the amount of carbon in
the gaseous and liquid phases during constant operating conditions compared to the Ctotal
in percent (accumulation areas within the plant are not taken into account).

Experiment conditions

Unit
Dry matter content 11,8 %
K+-conc. (KHCO3) 2242 mg/|
mean reactor temperature 654 °C
pressure 280 bar
mean residence time 1,8 min
mean Feed mass flow 45,3 kg/h

Also for the two pilot scale experiments KS1 and KS2 the balance was calculated in two
different ways. First is during steady state operation which gives the most accurate results
for gasification yield TOC, NH4+ and TNb values in the waste water.

Second balance is performed for the total operation starting with first sewage sludge feeding
up to the end of the experiment. This calculation gives also results on the salts, which are
accumulated in the system and came out with delay.
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Sewage sludge

Time 5,42
Total sludge fed 2454
Total water fed additionally 63,4
C- mass in total feed* 12,3
TOC in Feed 5,0
Dry matter** 11,8/9,4
Total mass effluent 234,2
Total mass salt concentrate liquid 22,5
Total mass salt concentrate solid 11,4
Total mass sump reactor 26,5
Total mass total gas 13,0
TOC-concentration
in the effluent 2346
in the Salt conc. cyclone 14228
in the Salt conc. reactor 1545
Gas production — product gas 1,80
Gas production — total gas 2,39
Conversion of gasification 53,5
TOC-conversion*** 89,9
Mass-balance 100
C-balance (TC) 70,4
N-balance 103,8
Product gas composition
H> 18,81
(e{0) 2,13
CO; 23,86
CHq4 39,65
CoHq 0,54
CoHe 13,83
CsHe 0,05
C3Hg 0,2

h
kg
kg
kg
%
wt.-%
kg
kg
kg
kg
kg

mg/kg
mg/kg
mg/kg

Nm*/h
Nm*/h

%
%
%
%
%

Vol %
Vol %

Vol %
Vol %
Vol %
Vol %
Vol %
Vol %

*TIC in the feed not detectable

**original and after dilution in the HP feeding system

***without the C from KHCO;

Table 24: Results of the steady-state phase

Duration | , TOC- | Cold gas | TOC- | NH,- | TNb-
No. of the of Eeed Cuwtal | Plugging | Yeas | Yc | destruc | efficiency | waste | waste | waste
phase -tion n water | water | water
[-] (h] [kd] [ka] | [afterh] | [%] | [%] | [%] [-] [mg/l] | [mg/l] | [mg/I]
KS1 5,42 2454 |12,3 9 53,56 | 70,4 | 89,9 0,61 2346 | 5750 | 3974

Yeas = conversion of gasification; Y¢ = C-balance (TC)
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Table 25: Results of analysis of experiment KS1 (steady state phase: 3:45 pm to 9:10 pm (10th February)

Aquon values do not fit this sheet and are listed in the Appendix. The solids were separated by centrifugation.

Feed aq. effluent (Position 7) salt concentrate of cyclone (Position 2) salt concentrate of reactor (Position 4)

C_onc_entra— co_nce_ntration sample sample sample total sample sample sample Fotgl _ sample sample sample total

Parameter tion in dry in diluted AA3 AA4 AA5 B306 AZ3 AZ4 AZ5 liquid solid AS3 AS4 AS5 7:00 B204

matter sludge* 3:00 pm | 5:00 pm 7:00 pm 3:00pm | 5:00 pm | 7:00 pm B202 3:00 pm | 5:00 pm pm

[ [mg/g] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l | [mg/g] | [mg/l] [mg/l] [mg/l] [mg/l]
TC 424 50032 4803 6182 5638 5054 13061 14931 13611 14425 137 5266 5025 4821 2544
TIC n.d. n.d. 2507 3222 3341 3205 n.d. n.d. n.d. n.d. n.d. 2853 3323 3329 907
TOC 424 50032 2295 2960 2297 1849 13061 14931 13611 14425 137 2413 1702 1492 1637
60,3 7115 - - - - - - - - 17,6 - - - -
37,3 4401 - - - - - - - - n.d. - - - -
NO3 - - n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - 22,9 n.d. n.d. n.d.
NO2 - - n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - n.d. n.d. n.d. n.d.
NH4 - - 4530 5500 6100 5750 2000 2390 2640 1550 - 4700 5820 5700 1720
TNb - - 3467 4133 4016 4005 2704 3492 3573 2671 - 3716 4024 4073 1308
P 18,8 2218 4,30 n.d. n.d. 2 254 262 350 145 84,1 61,8 47,5 20,7 43
PO4 - - 38,1 n.d. n.d. n.d. 803 857 1052 725 - 153 135 73,4 117
S 6,11 721 37,5 64,4 70,8 84,8 1090 998 688 360 4,33 53,1 54,6 65,6 87
S04 - - 18,72 20,5 20,1 21,3 2014 2042 1340 936 - n.d. 19,3 18,3 77,1
Ca 10,8 1274 0,42 0,13 0,04 0,19 7,4 4,75 34 6,45 49,2 0,20 0,17 0,14 2,25
K 20,5 2419 65,0 42,0 39,5 41,5 11365 11320 8040 3740 61,8 871 364 114 537
Mg 2,37 280 0,60 0,33 0,26 0,42 61,1 30,8 59,3 36,8 10,6 8,54 10,90 4,00 10,6
Na 0,972 115 4,10 3,60 4,40 4,4 105 105 76,9 43,2 4,02 38,8 5,60 61,8 13
Si 22,9 2702 35,0 29,5 37,3 32,6 107 118 127 94 89,5 29,4 29,7 31,0 25,5
Al 10,3 1215 0,40 0,41 0,39 0,44 n.d. n.d. n.d. n.d. 44,8 0,63 0,14 0,10 0,15
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Feed aq. effluent (Position 7) salt concentrate of cyclone (Position 2) salt concentrate of reactor (Position 4)
C_onc_entra- co_nce_ntration sample sample sample total sample sample sample Fota_tl _ sample sample sample total
Parameter tion in dry in diluted AA3 AA4 AAS5 B306 AZ3 AZ4 AZ5 liquid solid AS3 AS4 AS5 7:00 B204
matter sludge* 3:00 pm | 5:00 pm 7:00 pm 3:00pm | 5:00pm | 7:00 pm B202 3:00 pm | 5:00 pm pm
[ [mg/g] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/ll | [mg/g] | [mg/l] [mg/l] [mg/l] [mg/l]
Cu 0,317 37,4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1,49 n.d. n.d. n.d. n.d.
Pb 0,054 6,372 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,22 n.d. n.d. n.d. n.d.
Zn 0,683 80,6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3,08 0,18 n.d. n.d. n.d.
Cr 0,037 4,366 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,42 n.d. n.d. n.d. n.d.
Fe 16,5 1947 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 74,9 0,13 0,41 0,66 0,08
Mo 0,009 1,062 n.d. n.d. n.d. n.d. 12,8 5,75 2,84 8,4 0,333 24,4 2,5 0,51 2,2
Ni 0,020 2,36 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1,39 5,6 0,48 n.d. n.d.
Cl 5,17 610 86,3 83,8 78,4 81,2 4598 4875 3148 2009 | 0,423 124 132 87,1 166
Hg 0,00025 0,0295 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. | 0,0003 n.d. n.d. n.d. n.d.
Phenolindex - - 288 345 294 265 178 215 217 169 - 302 316 308 106
n.d. Limits are listed in the Appendix.
Legend: n.d. not detected
Feed cyclone solid
Ash content by 550°C: 20,17 81,54 | %
by 815°C: 19,94 80,52 | %
by 1000°C: 19,15 79,611 %
Higher Heating value: 18308 - Jig
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Composition of product gas KS1

C3H8; 0,20

C3H6; 0,05 N2:0,93

C2H4; 0,54

CO; 2,13

CO2; 23,86

Figure 18: Compaosition of the product gas of experiment KS1.

Carbon distribution % KS1
steady state

salt
concentrate
cyclone solid;
2,72

balance; -29,60

salt
concentrate
cyclone liquid;
2,61

salt
concentrate/

sump reactor;

1,03
aqueous phase aqueous phase
C organic; 4,47 Cinorganic;
6,10

Figure 19: Carbon distribution of experiment KS1 during the steady state phase.
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Table 26: composition of the lean g

as and product gas of experiment KS1.

XH2

Xco

XCH4

Xco2

Xc2Ha

Xc2H6

Xc3H6

Xc3Hs

XN2

date Ume | 1vol9] | [vol%] | [volo] | [vol%] | [vol%] | [vol] | [vol%] | vol%] | voloe] | SU™ Kommentar

lean gas sump cyclone B201

10.02.2015 15:00 14,00 | 8,68 2,39 | 72,09 | 0,96 0,71 0,92 0,25 - 100,00

10.02.2015 17:00 11,76 | 8,06 454 | 70,98 | 1,27 1,34 1,33 0,72 - 100,00 .

nitrogen was not measured

10.02.2015 19:00 1264 | 782 | 7,18 | 6545 | 185 | 2,19 | 1,88 | 1,00 - 100,00

10.02.2015 21:00 1391 | 6,97 | 8,02 | 6399 | 186 | 2,36 | 1,89 | 0,99 - 100,00

10.02.2015 23:15 26,95 | 572 | 846 | 5339 | 1,49 | 1,87 | 1,42 | 0,70 - 100,00

lean gas effluent B306

10.02.2015 16:00 10,52 | 0,51 | 11,78 | 7453 | 0,31 | 2,27 | 0,05 | 0,04 - 100,00

10.02.2015 18:00 10,10 | 0,30 | 11,16 | 76,02 | 0,22 | 2,15 | 0,02 | 0,02 - 100,00 .

nitrogen was not measured

10.02.2015 20:00 10,57 | 0,20 | 10,89 | 76,05 | 0,22 | 2,04 | 0,02 | 0,01 - 100,00

10.02.2015 22:00 14,39 | 0,27 | 11,61 | 71,09 | 0,26 | 2,34 | 0,02 | 0,02 - 100,00

10.02.2015 23:15 1391 | 0,31 | 11,712 | 71,38 | 0,25 2,42 0,02 0,01 - 100,00
lean gas sump reactor B203

10.02.2015 15:00 17,63 | 0,36 | 32,90 | 35,64 | 0,42 | 11,79 | 0,03 | 0,45 | 0,77 |100,00

10.02.2015 17:00 16,74 | 0,96 | 34,54 | 36,03 | 0,24 | 11,42 | 0,00 | 0,07 | 0,00 |100,00

10.02.2015 19:00 17,14 | 0,82 | 34,46 | 36,08 | 0,27 | 11,32 | 0,00 0,02 0,00 (100,00

10.02.2015 21:00 18,20 | 0,88 | 35,86 | 32,39 | 0,16 | 10,50 | 0,00 0,02 2,00 |100,00

10.02.2015 23:15 30,27 | 0,57 | 26,56 | 33,21 | 0,12 8,25 0,00 0,00 1,02 | 100,00

product gas B301

10.02.2015 18:00 18,81 | 2,13 | 39,65 | 23,86 | 0,54 | 13,83 | 0,05 | 0,20 | 0,93 |100,00

10.02.2015 20:00 1950 | 1,83 | 39,53 | 25,02 | 0,45 | 13,55 | 0,00 | 0,11 | 0,00 |100,00

10.02.2015 22:00 22,10 | 1,43 | 38,70 | 24,10 | 0,41 | 13,27 | 0,00 | 0,09 | 0,00 |100,00

11.02.2015 09:00 11,83 0,57 | 18,75 | 10,71 | 0,20 6,34 0,00 0,00 | 51,59 | 100,00 | gas that remained in B301 (after experiment)
product gas of the gas bottles

10.02.2015 16:00 19,53 1,68 | 40,63 | 23,25 | 0,64 | 13,84 | 0,15 0,29 - 100,00

10.02.2015 19:30 20,58 | 0,98 | 40,21 | 24,43 | 0,47 | 13,10 | 0,07 0,16 - 100,00

11.02.2015 09:00 | 15,72 | 1,10 | 25,41 | 14,44 | 0,28 | 4,07 | 0,00 | 0,00 | 38,98 | 100,00 | gas that remained in B301 (filling of GF7 after experiment)
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Table 27: Lean gas of the salt concentrate separated from the sump of the cyclone (offline data)

cyclone
date time gas meter / NL

10.02.2015 08:10 -

10.02.2015 09:00 6
10.02.2015 13:05 22
10.02.2015 14:05 17
10.02.2015 15:00 38
10.02.2015 16:05 64
10.02.2015 17:00 53
10.02.2015 18:00 71
10.02.2015 19:00 73
10.02.2015 20:00 74
10.02.2015 21:00 72
10.02.2015 22:00 50
10.02.2015 23:15 44

Besides the balance during the steady state operation - which reflects the operation of a commercial plant working all around the clock - a second
kind of balance called here as total balance (as mentioned before) can be performed. Some additional information about the distribution of the
inorganic salts can be gained. During lab-scale operation, a better balance has also been achieved. This is only the case if all aqueous solution used
to clean the plant are measured and analyzed. Since this is not practical for the large pilot plant, the informative value of the “total balance” for
the two pilot plant experiments is low. Nevertheless, the total balance is presented here to complete the picture.
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Table 28: total masses of all in and out streams of the VERENA plant during experiment KS1 (from the beginning of the first feeding of sewage sludge

till the end of the experiment).

evaluation period for total balance
Feed DM Feed

Feed (wet) total
H20 total

effluent and salt concentrate
total effluent (calculated!)
salt concentrate:
liquid sump reactor

liguid sump cyclone
solid sump cyclone
total sump cyclone

total gas

wet

09:00 am -11:00 pm
10.02.15

Only for B306 balance
1:10 pm to 11:00 pm

11,80

402000

402000

836000

1049275,41

474800

72800

69300

22500

91800,00

24335,59

wt.-%
g

c Q Q @ «

Table 29: total amount of all gas streams of the VERENA plant during experiment KS1 (from the beginning of the first feeding of sewage sludge till the

end of the experiment).

Gasphase

B306 (measured by a gas meter)

B203 (measured by a gas meter)

B201 (measured by a gas meter)

product gas (rotary meter and gas bottles)
total:

C-amount

1604,8 gC
963,3 gC
296,8 gC

7926,6 gC

10791,5 g C

gas amount:

5248,98
2154,05
940,56
15992
24335,59

 Q o Q «

Notice: The vessel B306 does not represent a cumulative sample of the whole process like the other vessels, but is a throughput vessel with a long residence

time of about 1 to 2 hours. So balance of the aqueous phase is performed not for the whole time period, but only from 13:10 to 23:00.




Table 30: element balance of non-metal elements.

Element N P S Cl Si
Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, %
Feed | 1769,36 891,80 289,83 245,24 1086,28
aqueous phase | 1901,57 107,47 0,95 0,11| 40,26 13,89| 38,55 15,72 15,48 1,42
salt concentrate sump reactor 95,22 5,38 3,13 0,35 6,33 2,19 12,10 4,93 1,86 0,17
salt concentrate cyclone liquid | 185,10 10,46| 10,01 1,12 24,95 8,61| 139,19 56,76 6,51 0,60
salt concentrate cyclone solid 0,00 0,00 | 404,26 45,33 20,81 7,18 2,03 0,83 430,22 39,60
total [ 2181,90 123,32 | 418,35 46,91 92,36 31,87 | 191,87 78,24 | 454,07 41,80
Table 31: element balance of metal-elements.
Element K Ca Mg Fe Al
Mass, g | Recovery, % [ Mass, g | Recovery, % [ Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, %
Feed| 972,44 512,31 112,42 782,69 488,59
agueous phase| 19,70 2,03 0,09 0,02 0,20 0,18 0,00 0,00 0,21 0,04
salt concentrate sump reactor| 39,09 4,02 0,16 0,03 0,77 0,69 0,01 0,00 0,01 0,00
salt concentrate cyclone liquid | 259,18 26,65 0,45 0,09 2,55 2,27 0,01 0,00 0,00 0,00
salt concentrate cyclone solid [ 297,07 30,55| 236,50 46,16| 50,95 45,32 360,04 46,00| 215,35 44,08
total | 615,05 63,25| 237,20 46,30| 54,47 48,45| 360,06 46,00| 215,57 44,12
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Table 32: C-balance of KS1 (total balance)

Element C

Mass, g | Recovery, %

Feed [ 20112,86
Gas | 10791,50 53,65
aqueous phase C organic 877,91 4,36
aqueous phase C inorganic | 1521,73 7,57
salt concentrate sump reactor 185,20 0,92
salt concentrate cyclone liquid 999,65 4,97
salt concentrate cyclone solid 658,55 3,27
total | 15034,54 74,75

Carbon distribution % KS1

balance; -25,25

salt concentrate
cyclone solid;
3,27
salt concentrate
cyclone liquid;
4,97
salt concentrate_—

sump reactor;

0,92 /
aqueous phase C aqueous phase C

organic; 4,36

inorganic; 7,57

Table 33: Comparison of conversion of gasification and TOC-conversion of the total balance and during steady state operation.

conversion of gasification [%]

TOC-conversion [%]

total balance 53,7

86,8

steady state operation 53,5

89,9

123




Percentby mass [%)]

100

Percentage distribution of non-metal elements after gasification

salt concentrate sump salt concentrate cyclone salt concentrate cyclone

Gas aqueous phase reactor liquid solid mass difference
§ 2
iy A « 3
" a o ° S @ ™
SR -24 gagas aioEf If‘“l 2
cRoam [SESNT [SES 2 s

25,78 |

fcENEp EgHC Hg;

Percentage distribution of metal elements after gasification

salt concentrate sump salt concentrate cyclone salt concentrate cyclone

aqueous phase
60,00

reactor liquid

solid

mass difference

40,00

20,00

0,00

12,03
Fa,oz

0,69
| 2,27

-20,00

Percentby mass [%]

-40,00

-60,00

HK ECa WmMg MFe B A
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In Table 34 the balance of minor elements is shown. The limit of quantification of liquids is dependent from the dilution factor. Since the liquid
samples often contain a lot of salts and organics the samples also have to be diluted for minor analysis. Therefor the limits of quantification (see

Appendix) are accordingly high.

The increased Mo, Ni and Cr-values indicate corrosion.

Table 34: balance of minor elements.

Element Na Cu Pb Zn Cr Mo Ni Hg

Mass, | Recovery, | Mass, | Recovery, | Mass, | Recovery, | Mass, | Recovery, | Mass, | Recovery, | Mass, | Recovery, | Mass, | Recovery, | Mass, | Recovery,

g % g % g % g % g % g % g % g %

Feed | 46,11 15,04 2,56 32,40 1,76 0,43 0,95 0,012

aqueous phase | 2,09 453| 0,00 0,00 0,00 0,00| 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,000 0,000
Sa'tconce””at?es;cr:‘oﬁ 0,95 2,05| 0,00 0,00| 0,00 0,00| 0,00 0,00| 0,00 0,00| 0,16 37,52| 0,00 0,00 | 0,000 0,000
Sa'tconce””atecyﬁmg 2,99 6,49| 0,00 0,00| 0,00 0,00| 0,00 0,00| 0,00 0,00| 058| 136,35| 0,00 0,00 | 0,000 0,000
Sa'tconce””atecycé%rl‘ig 19,32 41,91| 7,16| 47,63 1,04| 40,72|14,81| 4570| 2,03| 11585| 1,60| 374,94| 668| 704,27(0,001| 12,160
total | 25,35 54,98| 7,16 47,63| 1,04 40,72 | 14,81 4570 2,03 11585| 2,34| 54881| 6,68| 704,27]| 0001 12,160

In Table 35 the ash content of the feed and the salt concentrate separated from the sump of the cyclone are listed. 43 % of the ash content of the

feed was separated by the cyclone. No ash separation from the reactor and the waste water was performed.

Table 35: Ash content of the Feed and the salt concentrate separated from the sump of the cyclone.

Ash in total Feed 9083,99 | g
Ash in salt concentrate cyclone 3904,87 | g
Ash salt concentrate/Ash Feed 42,99 | %
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Additional analysis of the product gas

Table 36: results of the tar measurement of the product gas.

_ Blind, 06.02.15 Blind, 06.02.15 VERENA 10.02.15, 19:00 VERENA 10.02.15, 20:00

S3 S4 S5 S6

ug/Probe mg/Nm3 ng/Probe mg/Nm3 ug/Probe mg/Nm3 ug/Probe mg/Nm3

Benzene 0,29 0,20 0,81 0,54 2307 1538 4668 3112
Toluene 7,97 5,31 3,88 2,58 1116 744 1808 1205
Naphthalene 0,05 0,04 0,08 0,06 1,4 0,9 3,5 2,3

The product gas samples also contain xylenes, ethyl benzene, styrene and indene.
A reason for the higher values of the second measurement could be a possible absorption at
the tubes during the first measurement (after saturation we measure the higher values).

The H,S and NH; measurement of the product gas showed the following concentrations:
0,1 vol% H,S and <0,0001 vol% NH;.

In Table 37 and Table 38 the Hg-measurements done by Tauw B.V. according to NEN-EN
13211: 2001 Norm are listed. The amount of Hg (0,006 mg/Nms) in the process gas is very
low.

Table 37: results of the Hg measurement of the process gas done by Tauw B.V.
Results measurements Mercury - Karlruher Institit fur Technologie - process

Parameter unit measurement 1 measurement 2 measurement 3 average
date [dd-mm-yyiry] 11-02-2015 11-02-2015 11-02-2015
time start [Rb:mm] 14:20 14:56 15:32
time stop [hb:mm] 14:50 1526 16:02
Mmercury [migdMm?] 0,004 0,008 0,008 0,008

Table 38: results of the Hg measurement of the product gas from gas bottle GF12 done by
Tauw B.V.

Results measurements Mercury - Karlruher Institit fur Technologie - gas bottle

gegevens eenheid measurement 1 measurement 2 measurement 3 average
date [dd-mm-yyiry] 11-02-2015 11-02-2015 11-02-2015
time start [Rb: ] 1423 14:56 15:32
time stop [hb:mm] 14:53 1526 16:02
Mmercury [mgiMm?] 0,002 0,002 0,001 0,002
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6 Pilot scale experiment KS2

The second pilot plant experiment was started for two times because during start-up
operation with water the plant showed again clogging. The plug was removed but after
discussion with the Dutch delegation present, the feeding of sewage sludge did not start
because of the uncertainties concerning the solids in the reaction system.

For the second start of experiment KS2 the concentration of the sewage sludge was reduced
in order to avoid some of the problems with KS1 (viscosity, high salt load) and enchance the
gasification rate. In the following the run and the results of the pilot-scale test in the VERENA
facility are presented.

6.1 Pretreatment

The sewage sludge from Oijen was delivered in 15 plastic vessels which were filled with
dewatered sludge cake and centrate liquid from the dewatering process. The content of the
barrels is shown in Table 39.

Table 39: Amount of dewatered sludge cake and centrate liquid in the delivered vessels.

dewatered sludge cake Centrate liquid
nr. (kg) (kg) Dry matter % in vessel
1 40,0 110,0 6,9
2 40,0 110,0 6,9
3 39,8 110,0 6,9
4 40,0 110,0 6,9
5 39,8 110,0 6,9
6 40,0 110,0 6,9
7 40,0 110,0 6,9
8 40,4 110,0 7,0
9 40,2 110,0 7,0
10 40,0 110,0 6,9
11 40,0 110,0 6,9
12 40,0 110,0 6,9
13 40,6 110,0 7,0
14 40,0 110,0 6,9
15 40,0 110,0 6,9

The content of every vessel was first stirred (see Figure 20a) and then pumped into the tank
of a screw pump. Parallel to each barrel 5,5 L KHCO; solution were added, which results in a
concentration of 2500 mg K*/L since potassium salts catalyze the gasification reaction (K" is
added at a concentration of 2500 mg/L sludge additionally to the starting K value of the
sludge). The sludge with the KHCOs; solution was recirculated for homogenization and
subsequently conveyed into an IBC (see Figure 20b).
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Figure 20: Pretreatment of the feed.

In Table 40 it is listed in which of the 3 IBCs which vessel was filled.

Table 40: Assignment of the barrels to the IBCs.

IBC No. vessel No. DM % in IBC (30.04.15) | DM % in IBC (04.05.15)
2,5,6,8,10 8,57
3,4,7,9,11 7,23 7.49
3 1,12, 13, 14, 15 7,12

To determine the dry matter content of the 3 sewage sludge charges respectively ca.
200 g sewage sludge were dried in an oven at 105 °C for 24 h. A double determination of the
dry matter of every charge was executed.

It was noticed that the dry matter content 8,57 wt.-% of IBC No. 1 was high compared to the
values of IBC No. 2 and IBC No. 3, since the sludge of the single barrels almost had the same
dry matter content. Also the values of the double determination exhibited a too high
difference. Therefor it was planned to take a new feed sample of the IBC No. 1 directly
before feeding into the plant. However this determination was not carried out because the
sludge of IBC No. 1 was not pumped into the pilot plant due to a premature end of the
experiment. Treatment with the colloid mill was not performed, due to the very fine
consistence of this sludge, much finer than the 1 mm which can be set to the colloid mill.
Also the homogenization of the feed (each barrel delivered had two phases; a paste like
sludge and water phase) was performed by stirring. During KS1 this was not possible due to
the high viscosity of the mixture.

6.2 Parameters of the experiment

The pilot plant VERENA was operated at a pressure of 270 bar (only during the filling of the
high pressure bottles the pressure declined temporary a little bit — lowest value 222 bar),
while the lab-scale apparatus LENA was operated at 280 bar during all 15 experiments with
sewage sludge. The operation pressure of 270 bar instead of 280 bar was chosen to reduce
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the risk of a rupture disk bursting. However it has already been shown, that a pressure
variation in this range has no significant influence on the reaction. In Table 41 the
parameters of the experiment are summarized. The selection of the experimental
parameters is based on the results of the lab scale tests and the first pilot scale test (KS1).
Instead of sludge with 11,8 wt.-% for experiment KS1, sludge with 7,49 wt.-% was fed into
the plant -as mentioned- because during the first pilot-scale experiment the high viscosity of
the concentrated sludge caused frequent to interruptions of the process. Also during
experiment KS1 the targeted feeding rate of 75 kg/h was not achievable, most probably due
to visible gas bubbles in the feed slurry. These are also the reasons why the desired feeding
rate for the second pilot-scale experiment was lowered to 50 kg/h.

The trends of the temperatures in the reactor are depicted in the Appendix.

Table 41. Experimental parameters of the pilot-scale test

Dry Matter T YT 2 Reactor- mean Feed
No.| Type | of the Feed- | pressure | "' Reactor : . (sludge)
— residence time
sludge (outlet) | (midpoint)
-1 | [ [wt-%] [bar] [°C] [°C] [min] [ke/h]
KS2 | Oijen 7,49 270 477 640 2,6 50,0

! Toereheater IS the outlet temperature of the preheater of the salt separation system.
2 TRreactor IS the mean midpoint of the triple thermocouple within the reactor.

6.3 Detailed description and results of the experiment KS2

The experiment KS2 was evaluated in the same way as experiment KS1 (see chapter 4.4).
Also the parameters were analysed analog to the first pilot-scale experiment.

6.3.1 Progress of experiment KS2

3" May

The campaign already started on Sunday the 3" May 2015 at 10:00 pm. During the heating
phase the plant was operated at 250 bar and fed with 50 kg water per hour. The
temperature of the two heating systems (electric heater W206 and propane gas burner
A201, see Figure 8) was increased by about 60 °C/h.

4™ May

At 5:10 am on Monday the lines for the separation of the salts from the sump of the cyclone
and from the sump of the reactor were put into operation. 1 % hours later the operation
pressure was increased to 275 bar. To prepare the operation with sewage sludge the
IBC No. 3 was brought into the VERENA hall at 7:38 am and the sludge was pumped in a
circle for homogenization. At 2:15 pm the plant was in operation with water at high
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temperatures for several hours and the reactor temperature was constant for nearly two
hours. At this point of time the blind samples were taken.

Subsequently at 2:17 pm sewage sludge was pumped into the reaction system while the
flow of water was first slowly reduced and afterwards stopped. However after about one
hour later the line for the separation of salts from the sump of the cyclone was clogged. To
prevent that the salts have to pass the preheater, which could cause plugging there, the
sewage sludge pump was switched off. Again 50 kg/h water was pumped into the plant.
After a short period of time there was suddenly a loud bump and the corresponding line was
freed from clogging. Thereafter it was observed that the salt separation system runs
faultlessly again.

For this reason the sewage sludge pump was switched on at 5:15 pm but didn’t deliver the
sludge. The pump P108 was flushed with water but this procedure did not solve the
problem. The pump was even not able to convey water. Therefore the vent of the suction
side of the pump was removed. The o-ring had a little defect and a small lump of hairs, like
felt was found there. The vent seat showed little cracks. After the reparation of the vent of
the suction side the pump still didn’t work. So the pressure side of the pump was also
removed and replaced. At 9:35 pm the pump P108 was repaired and delivered about 18 kg/h
water into the reaction system. The pump P103 also conveyed water to result in a total
water flow rate of ca. 50 kg/h. After the pump was operating constant for 1 % h, it was
switched off and again prepared for conveying sewage sludge by connecting the
corresponding hoses.

Shortly after the feeding of sewage sludge was restarted it was observed that the line for the
separation of the salts from the sump of the cyclone was clogged (obviously from salt
remained in the system). For this reason the pumping of sewage sludge was stopped again.
It was tried to overcome the problem of clogging by switching to the parallel line for salt
separation and bypassing the buffer tank B205. However this was not successful. Then this
line was taken out of operation and flushed with nitrogen. Due to this procedure the line
was released from plugging and the separation of salts from the sump of the cyclone was
again taken into operation (the normal way over the buffer tank B205).

5™ May

At 0:37 am on Tuesday the pump P108 was switched on and delivered sewage sludge into
the pilot plant. But the flow rate of the sewage sludge was fluctuating strongly. The
operating pressure of the plant was reduced from 275 bar to 270 bar. At 1:34 am the sewage
sludge pump P108 was not conveying the feed anymore. The flow rate of water was
increased to 50 kg/h (pump P103). It was observed that the IBC No. 3, was full of foam. So
possibly the foam caused the problems of the pump P108. In order to reduce the foam, the
hose for recirculation, which was attached to the lid of the IBC No. 3, was put directly into
the sludge. Further attempts to receive a steady feed flow by the pump P108 failed. At 2:45
am the pump was switched off because it failed again. The vent of the pressure side was
replaced for a second time. From 3:48 am to 4:42 am about 40 kg/h sewage sludge with
pump P108 and 10 kg/h water with pump P103 were delivered into the plant. The feeding
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was stopped again by the failure of pump P108. But after about 15 minutes later the pump
could be restarted and again the plant was fed with ca. 40 kg/h sewage sludge and 10 kg/h
water till about 6:10 am.

Due to the permanent failure of the pump P108 it was decided to deliver the sewage sludge
with pump P103 into the plant. From that point of time on the pump P108 was used for the
supply of pure water. The feeding with pump P103 started at 8:44 am. After about 10
minutes a flow rate of 50 kg/h sewage sludge was reached and the pump P108 was switched
off.

At 9:26 am the pump P103 also had to be switched off because the level of the water phase
inside the HP autoclave B301, where a value of about 40 % is usually kept, reached very fast
a value of ca. 85 %. At the same time the gaseous phase has expanded normally in order to
keep the pressure of the system constant. The origin of this dysfunction was tar formation in
the low temperature part of the system autoclave and tubing. Due to the fact that both
pumps were turned off, the temperature of the burner and the electric heater was lowered.
After cleaning of the autoclave B301 and its tubing, the operation was started again at
10:51 am with water. The temperatures of the electric heater and the burner were increased
to reach the desired temperatures again.

Accordingly at 3:45 pm sewage sludge was pumped into the reaction system (P103) while
the flow of water was slowly reduced (P108). At 4:21 pm a flow rate of 50 kg/h sewage
sludge was reached and the pump P108 was switched off. From 7:09 pm to 9:07 pm a first
gas bottle was filled, while the filling of a second one started at 11:22 pm. Steady state
operation was reached for 7,67 h. During this phase the corresponding samples were taken.
At about 6:50 pm the throughput of the sump of the reactor decreased slowly. At 8:05 pm
this line was clogged. Plant operation continued normal except the clogged sump of the
reactor. During the experiment several attempts were made to release this system from
clogging. The corresponding line was even two times taken out of operation, partly
disassembled and flushed with compressed air. Later, the analysis showed that the solids
separated there consisted mainly of corrosion products. Their concentration was too high for
the system. This part of the system was overloaded (very dense solid material in the tubing).
Furthermore the vent seat and the spindle of one of the pneumatic valves had to be
exchanged.

After several hours of stable operation, the pressure in the entrance of the plant became
higher (less than 10 bar) than the pressure in the exit part of the plant. This was an
indication for general fouling that is not localized in one apparatus.

6" May

For this reason at 0:07 pm on Wednesday the flow rate of sewage sludge was reduced to 25
kg/h and 25 kg/h water were added to the feed stream in order to reduce the pressure
differences. But this procedure didn’t help. The pressure differences rose steadily, that’s why
at 1:03 am the feeding of sewage sludge was stopped and the plant was flushed with 50 kg/h
water at operation temperature and pressure. This did not result in a reduced pressure
difference and thus, the temperature was reduced (but still over 500 °C). From 1:44 pm to
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3:14 pm the Tauw B.V. performed three Hg-measurements of the product gas collected in
the second gas bottle (GF7). Direct measurement of the process gas was not possible
because during this period of time the plant was run with water. After several hours (18 h) of
operation with water, the pressure difference decreased and the plant was heated up again
to reach again the reaction temperature of 640 °C.

As the temperature in the reaction system reached 630 °C, pressure loss was noticed. It was
not possible to detect the position of the leak (no visible steam coming out of the isolation).
After some minutes, the pressure loss escalated and the experiment was interrupted.
Examination of the reaction system after experiment did not manage to localize the leak
point exactly. This will be performed after the next experiments in the VERENA plant and
disassembling of this part of the plant (for the next experiments the high pressure part of
the main preheater is out of line). There is evidence that the leak is in the pre-heater (the HP
coil becomes visible after disassembling a part of the heating system).

During the pilot-scale experiments delegation of STOWA visited the VERENA plant at KIT.

6.3.2 Experimental data KS2

In the following operation diagrams (screen shots) of experiment KS2 are shown.

51.0
433
476

080515 16:27 1713 17:53 18:45 133 2017 21:03 21:43 22:35 231 007

Kurve [ blenanbind: [ wert [ Datum/Zeit
[ flows rate [sewage sludge] | Trend_Were\Durchfluss_P103 | 5013 | 06.05.15 0:07-18.240
| flow rate (H20] | Biomasse_VERENASERYV:Trend_Werte\1F05_Fluss_P108 | 0.000000 | 06.05.15 0.07:16.240

Figure 21: Feed stream of the VERENA test in kg/h during steady state phase.
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Figure 22: Amount of product gas in Nm?/h during steady state phase.

Figure 23: Sum of the salt concentrate separated from the sump of the cyclone (green) and
from the sump of the reactor (black) in kg during steady state phase.
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Figure 24: Sum of the lean gas from the waste water (turquois) and the salt concentrate
separated from the sump of the reactor (black) in liter during steady state phase.
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6.3.3 Experimental results

In the following first the results of the steady state phase are presented. Subsequently the

results of the total balance are given.

Experiment conditions Sewage sludge
D tt tent 7,49 ;mt Time rerh
fy matter conten ' 0 Total sludge fed 383,3 kg
K+-conc. (KHCO3) 2500 mg/l C- mass in Feed 11,8 kg
mean reactor temperature 640 °C TOC in Feed 31 %
pressure 270 bar Dry matter 7,49 wt.-%
mean residence time 2,6 min Total mass effluent 308,7 kg
mean Feed mass flow 50 kg/h Total mass salt concentrate liquid 42,1 kg
Total mass salt concentrate solid 12,9 kg
Total mass sump reactor 54 kg
Total mass total gas 15,4 kg
TOC-concentration
in the effluent 1278 mg/kg
in the Salt conc. cyclone 11441 mg/kg
in the Salt conc. reactor 1278 mg/kg
Gas production — product gas 1,30 Nm®h
Gas production — total gas 1,86 Nm®h
Conversion of gasification 57,1 %
TOC-conversion* 87,0 %
Mass-balance 100 %
C-balance (TC) 770 %
N-balance 97,7 %
Product gas composition
H2 29,56 Vol %
CcO 1,90 Vol %
CO> 18,32 Vol %
CHa 33,64 Vol %
CaoHa 0,82 Vol %
C2He 14,1 Vol %
CsHe 0,5 Vol %
CsHs 1,15 Vol %
*without the C from KHCO;
Table 42: Results of the steady-state phase
Duration TOC- | Coldgas | TOC- | NH,™- | TNb-
Amount -
No. of the Cuwta | Yeas | Yc |destruc- | efficiency | waste | waste | waste
of Feed X
phase tion n water | water | water
[-] (] [ka] [kgl | [%] | [%] | [%] [-] [mg/l] | [mg/l] | [mg/l]
KS2 7,67 383,3 11,8 57,1 |77,0 87,0 0,66 1278 | 3150 | 2769

Yeas = conversion of gasification; Y. = C-balance (TC)
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In Table 43 the gas production during the steady-state phase is listed. This is composed of
the lean gas from the effluent and the lean gas from the two salt concentrates, separated at
the sump of the cyclone and reactor. Another component of course is the product gas, which
is separated in vessel B301. For experiment KS2 the option for CO, scrubbing was retained.
Nevertheless, the separation vessel B302, equipped with the integrated CO, scrubber was
partially filled with the detergent TEGDME and used for the step wise regulation of the
pressure. It was decided to not make use of the CO, scrubber. This means that the detergent
was not circulated, but some part of the CO, of the product gas, which was led through
vessel B302 during the whole experiment, has been dissolved in TEGDME. The amount of
CO, dissolved in the detergent is also listed in Table 43 and was taken into account by
evaluating the experiment.

Table 43: Gas production during steady-state phase in Nm?¥h

lean gas cyclone 0,052
lean gas sump reactor 0,014
lean gas separator 0,427
product gas 1,299
CO, dissolved in TEGDME 0,065
total 1,86
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Table 44: Results of the analysis of experiment KS2 (steady state phase: 4:27 pm (5th May) to 0:07 am (6th May))

salt concentrate of reactor

Feed ag. effluent (Position 7) salt concentrate of cyclone (Position 2) (Position 4)
Concentration cqncentration sample sample sample total sample sample sample . sample sample sample
Parameter in dry matter in sewage AASS AASG AA38 B306 AZ35 AZ36 AZSS solid AS35 /-.\536 /-.\838
sludge* 07:00 pm | 08:00 pm | 10:00 pm S30 07:00 pm | 08:00 pm | 10:00 pm 07:00 pm | 08:00 pm | 10:00 pm
[-] [mg/g] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/ll | [mg/g]l |  [mg/l] [mg/l] [mg/l]
TC 412 30859 3736 3567 3565 2493 12749 12507 13480 118 4584 3952 3668
TIC n.d. n.d. 2543 2359 2374 1544 1493 1505 1414 n.d. 2801 2854 2713
TOC 412 30859 1283 1207 1191 949 11256 11002 12066 118 1783 1098 954
H 58 4344 - - - - - - - 22 - - -
N 34 2547 - - - - - - - n.d. - - -
o) - - - - - - - - - - - - -
NO3 - - 20,9 21,3 21,6 194 20,8 20,7 20,8 - 20,9 20,9 n.d.
NO2 - - n.d. n.d. n.d. n.d. n.d. n.d. n.d. - n.d. n.d. n.d.
NH4 - - 3550 3040 3430 3150 2200 2180 2150 - 3010 2960 2940
TNb - - 2807 2757 2683 2209 2064 2110 2033 - 2908 2823 2842
P 19,9 1491 n.d. 0,10 n.d. 0,4 868 966 1047 85 52,0 35,0 37,0
PO4 - - n.d. n.d. n.d. 16,1 2364 2582 2849 - 158 115 128
S 0,95 71,2 3,90 1,50 1,90 6 27,5 26,0 31,5 0,7 1,90 3,00 315
S04 - - 16,1 16,4 15,8 15,6 679 663 714 - 33,8 35,0 35,1
Ca 31,7 2374 1,47 0,26 0,53 n.d. 6,65 3,1 4,75 125 2 1,65 3,30
K 45,5 3408 14,6 8,70 6,50 10 11298 2437 2608 70 3530 4035 3845
Mg 21,6 1618 0,9 0,16 0,2 n.d. 75 98,5 95 65 7,50 13,1 6,10
Na 4,1 307 16,6 6,60 5,40 2,2 1012 1083 1100 7 269 308 293
Si 35 2622 16,3 4,90 3,90 n.d. 34,5 34 32 101 0,21 n.d. 1,55
Al 6,8 509 0,16 n.d. n.d. n.d. n.d. n.d. n.d. 38 54,0 62,1 60,6
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 1,1 82,4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 5,00 n.d. n.d. n.d.
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zn 1,26 94,4 0,04 n.d. n.d. n.d. 1,2 0,6 11 6,00 0,21 n.d. 1,55
Cr 0,034 2,5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1,10 n.d. n.d. n.d.
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Feed ag. effluent (Position 7) salt concentrate of cyclone (Position 2) salt con((;%n;irt?ct)i Zf) reactor
Concentration cqncentration sample sample sample total sample sample sample _ sample sample sample
Parameter in dry matter in sewage AA35 M36 AA38 B306 AZ35 AZ36 AZ38 solid ASSS AS36 AS38
sludge* 07:00 pm | 08:00 pm | 10:00 pm S30 07:00 pm | 08:00 pm | 10:00 pm 07:00 pm | 08:00 pm | 10:00 pm

[-] [mg/g] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/1] [mg/l] [mg/ll [ [mg/g]l | [mg/l] [mg/l] [mg/l]
Fe 24,3 1820 n.d. n.d. n.d. n.d. 3,7 17 8,3 95 0,78 n.d. n.d.
Mo 0,011 0,8 7,7 3 0,6 0,7 288 263 345 1,7 3140 3885 3795
Ni 0,017 1,3 n.d. n.d. n.d. 0,9 n.d. n.d. n.d. 18 61 240 461
Cl 3,78 283 n.d. n.d. n.d. 25,1 1471 1527 1724 2,3 115 128 127
Hg n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Phenolindex - - 270 247 224 183 140 140 141 - 192 173 184

* for simplification it is assumed that the density of water equates to the density of sewage sludge

Legend: n.d. not detected
Feed cyclone solid
Ash content by 550°C: 24,29 82,41 %
by 815°C: 23,58 81,8| %
by 1000°C: 23,26 80,8 | %
Higher Heating Value: 17202,3 - J/g
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Composition of product gas KS2 in Vol-%

\

C3H6; 0,5

C3HS; 1,15

C2H4; 0,82

CH4; 33,65
Co; 1,9

Figure 25: Composition of the product gas of experiment KS2.
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Figure 26: Carbon distribution of experiment KS2 during the steady state phase.
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Table 45: composition of the lean gas and product gas of experiment KS2,

XH2

Xco

XCH4

Xco2

Xc2Ha

Xc2H6

Xc3H6

Xc3Hs

date tme | 1yo1%] | [vol%] | [vol%] | [vol%] | [vol%] | [vol%] | [vol%] | volog) | SU™ Kommentar
lean gas sump cyclone B201
05.05.2015 07:00 36,62 | 2,84 | 14,32 | 41,08 | 1,62 3,51 - - 100,00
05.05.2015 17:40 40,83 | 2,40 9,35 | 43,09 | 1,23 1,45 1,09 0,57 | 100,00
05.05.2015 19:40 38,34 | 2,13 | 10,02 | 45,49 | 1,12 1,23 1,11 | 0,56 |100,00 nitrogen was not measured
05.05.2015 21:40 38,55 | 1,99 | 10,17 | 4599 | 0,93 | 0,89 | 1,03 | 0,45 |100,00
05.05.2015 23:40 37,68 | 1,90 | 10,55 | 46,79 | 0,89 | 0,77 | 1,00 | 0,41 |100,00
lean gas effluent B306
05.05.2015 06:00 14,44 | 0,00 | 11,71 | 70,86 | 0,43 | 2,44 | 0,06 | 0,05 |100,00
05.05.2015 18:40 14,05 | 0,00 | 10,39 | 73,16 | 0,27 | 2,02 | 0,05 | 0,05 |100,00
05.05.2015 20:40 12,85 | 0,00 | 10,02 | 74,66 | 0,32 | 2,03 | 0,07 | 0,06 |100,00 nitrogen was not measured
05.05.2015 22:40 13,89 | 0,00 | 10,23 | 73,51 | 0,31 | 1,97 | 0,05 | 0,05 |100,00
06.05.2015 00:40 15,21 | 0,00 | 10,43 | 71,77 | 0,28 | 2,20 | 0,06 | 0,06 |100,00
lean gas sump reactor B203
05.05.2015 07:00 28,98 1,72 | 26,05 | 31,40 | 0,63 | 10,26 | 0,43 0,54 | 100,00
05.05.2015 17:40 31,37 1,23 | 25,87 | 29,40 | 0,57 | 10,45 | 0,40 0,71 | 100,00
05.05.2015 19:40 24,50 1,65 | 28,48 | 32,57 | 0,51 | 11,47 | 0,00 0,82 | 100,00 | nitrogen and oxygen are deducted
05.05.2015 21:40 24,70 | 1,69 | 29,36 | 31,56 | 0,50 | 11,42 | 0,00 | 0,77 |100,00
05.05.2015 23:40 24,36 | 1,33 | 28,88 | 32,45 | 0,51 | 11,66 | 0,00 | 0,82 |100,00
product gas B301
05.05.2015 06:00 30,73 | 2,35 | 34,86 | 12,92 | 1,17 | 16,12 | 0,73 | 1,12 |100,00
05.05.2015 16:40 30,87 2,52 | 34,28 | 13,63 | 1,19 | 1545 | 0,81 1,25 | 100,00
05.05.2015 18:40 30,65 | 2,05 | 32,74 | 17,64 | 0,87 | 14,27 | 0,55 1,24 | 100,00 nitrogen is deducted
05.05.2015 20:40 28,89 1,69 | 34,32 | 18,35 | 0,84 | 14,27 | 0,50 1,13 | 100,00
05.05.2015 22:40 29,15 1,95 | 33,87 | 18,97 | 0,76 | 13,77 | 0,45 1,08 | 100,00
06.05.2015 00:40 26,98 | 1,98 | 33,67 | 21,30 | 0,72 | 13,86 | 0,42 | 1,07 |100,00
product gas from the gas bottles
GF1 28,38 | 2,01 | 33,48 | 18,96 | 0,84 | 14,58 | 0,53 1,22 | 100,00 | nitrogen and oxygen are deducted
GF7 28,66 | 2,00 | 32,67 | 20,26 | 0,75 | 14,01 | 0,48 1,17 |100,00
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Table 46: Lean gas of the salt concentrate separated from the sump of the cyclone during steady state phase (offline data).

date time cyclone gas meter
/ NL
16:00 -

05.05.15 17:00 37,2
05.05.15 18:00 63,24
05.05.15 19:00 73,47
05.05.15 20:00 55,8
05.05.15 21:00 53,01
05.05.15 22:00 48,36
05.05.15 23:00 53,01

Besides the balance during the steady state operation - which reflects the operation of a commercial plant working all around the clock - a second
kind of balance called here as total balance (as mentioned before) can be performed. Some additional information about the distribution of the
inorganic salts can be gained. During lab-scale operation, a better balance has also been achieved. This is only the case if all aqueous solution used
to clean the plant are measured and analyzed. Since this is not practical for the large pilot plant, the informative value of the “total balance” for
the two pilot plant experiments is low. Nevertheless, the total balance is presented here to complete the picture.
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Table 47: total masses of all in and out streams of the VERENA plant during experiment KS2 (from the beginning of the first feeding of sewage sludge

till the end of the experiment)

2:17 pm 04.05.15 -

Only for B306 balance
4:27 pm 05.05.15 -
00:07 am 06.05.15

598100 g

503840 g

evaluation period for total balance 46,1 h 12:25 pm 06.05.15
Feed DM Feed 7,49 | wt.-%
Feed total 598100 | 9
H20 total 2215000 | g
effluent and salt concentrate
total effluent (calculated!) 2411976 |9
salt concentrate:

liquid sump reactor 92700 |9
liquid sump cyclone 313450|9
solid sump cyclone wet (42,9 wt.-%DM) 22850 | g
total sump cyclone 336300 | g
total gas 24700 |9

Gasphase C-amount gas amount:
B306 (measured by a gas meter) 3848 gC 12665 9
B203 (measured by a gas meter) 188 gC 417 9
B201 (measured by a gas meter) 154 gC 472 ¢
product gas (rotary meter and gas bottles) 5473 gC 10156 ¢

CO2 TEGDME 270 gC 990 g CO2

total: 9933 gC 24700 ¢

Notice: The vessel B306 does not represent a cumulative sample of the whole process like the other vessels, but is a throughput vessel with a long

residence time of about 1 to 2 hours. So balance of the aqueous phase is performed for the period of steady state operation.

The amount of solids in the salt concentrate from the sump of the cyclone was only determined for the steady state phase. Therefore for the total

balance the amount of solids in this salt concentrate was adjusted to the total amount of feed pumped into the plant during KS2.




In Table 48 and Table 49 the element balance (total) is listed.

Table 48: element balance of non-metal elements.

Element N P S Cl Si
Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, %
Feed | 1523,12 891,47 42,56 169,34 1567,92
aqueous phase | 1112,98 73,07 0,20 0,02 3,02 7,10 12,64 7,46 0,00 0,00
salt concentrate sump reactor | 127,59 8,38 4,34 0,49 1,32 3,11 10,42 6,16 0,00 0,00
salt concentrate cyclone liquid [ 238,85 15,68 | 118,69 13,31| 16,08 37,78 99,06 58,50 0,00 0,00
salt concentrate cyclone solid 0,00 0,00 | 833,03 93,44 6,86 16,12| 22,54 13,31| 989,84 63,13
total | 1479,42 97,13 | 956,26 107,27| 27,28 64,11 | 144,66 85,43 | 989,84 63,13
Table 49: element balance of metal elements.
Element K Ca Mg Fe Al
Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, % | Mass, g | Recovery, %
Feed | 3211,20 1420,09 967,63 1088,58 304,62
aqueous phase 5,04 0,16 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
salt concentrate sump reactor | 234,91 7,32 0,00 0,00 16,59 1,71 0,02 0,00 0,00 0,00
salt concentrate cyclone liquid | 733,09 22,83 0,00 0,00 14,29 1,48 0,04 0,00 0,00 0,00
salt concentrate cyclone solid [ 686,03 21,36 |1225,05 86,27 | 637,03 65,83 931,04 85,53 | 372,42 122,25
total | 1659,07 51,67 | 1225,05 86,27 | 667,90 69,02| 931,10 85,563 | 372,42 122,25
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Table 50: C-balance of KS2 (total balance)

Element C

Mass, g Recovery, %

Feed 18456,65
Gas 9933 53,82
aqueous phase C organic 478,14 2,59
aqueous phase C inorganic 777,93 4,21
salt concentrate sump reactor 186,96 1,01
salt concentrate cyclone liquid 1410,93 7,64
salt concentrate cyclone solid 1156,45 6,27
total 13943,41 75,55

Carbon distribution % KS2

balance; -24,45

salt concentrate
cyclone solid;
6,27

salt concentrate
cyclone liquid;
7,64
salt concentrate___ @
sump reactor;
1,01
aqueous phase C

organic; 2,59 aqueous phase C

inorganic; 4,21

Table 51: Comparison of conversion of gasification and TOC-conversion of the total balance and during steady state operation

conversion of

TOC-conversion

gasification [%] [%0]
total balance 53,8 84,2
steady state operation 57,1 87,0
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Percentage distribution of non-metal elements after gasification
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In Table 52 the balance of minor elements is shown. The concentrations of As, Pb, Cd, Hg in the feed are under 0,01 wt.-%. The limit of
guantification of liquids is dependent from the dilution factor. Since the liquid samples often contain a lot of salts and organics the samples also
have to be diluted for minor analysis. Therefor the limits of quantification (see Appendix) are accordingly high. The data measured by Aquon are

listed in the Appendix.

The increased Mo, Ni and Cr-values indicate corrosion.

Table 52: balance of minor elements

Element Cu Zn Na Mo Ni Cr
Recovery, Recovery, Recovery, Recovery, Recovery, Recovery
Mass, g % Mass, g % Mass, g % Mass, g % Mass, g % Mass, g %
Feed 49,28 56,45 183,67 0,49 0,76 1,52
agueous phase 0,00 0,00 0,00 0,00 1,11 0,60 0,35 71,57 0,45 59,09 0,00 0,00
salt concentrate sump
reactor 0,00 0,00 0,00 0,00 14,67 7,99| 208,72 | 42356,08 11,58 | 1520,56 0,00 0,00
salt concentrate cyclone
liquid 0,00 0,00 0,00 0,00 90,00 49,00 27,40| 5560,35 0,10 13,39 0,00 0,00
salt concentrate cyclone
solid 49,00 99,44 58,80 104,18 68,60 37,35 16,60 3380,86| 176,41| 23164,27 10,78 707,76
total 49,00 99,44 58,80 104,18 | 174,38 94,94 | 253,13 | 51368,86| 188,54| 21757,32 10,78 707,76

In Table 53 the ash content of the feed and the salt concentrate separated from the sump of the cyclone are listed. 54,48 % of the ash content of
the feed were separated by the cyclone. No ash separation from the reactor and the waste water was performed.

Table 53: Ash content of the Feed and the salt concentrate separated from the sump of the cyclone.

Ash in total Feed 10419,94 | g
Ash in salt concentrate cyclone 7918,73 | g
Ash salt concentrate/Ash Feed 76,00 | %
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Additional analysis of the product gas

Table 54: results of the tar measurement of the product gas (first measurement).

::Jlm'Wasse”'E‘hVIE"glyk"l Blind, 19.KW Blind, 19.KW VERENA , 19.KW VERENA, 19.KW

2°C, 30 min,~ 1,5 NI

1- Messung (08.05.15) S21A S21B S28 A S28B
ng/Probe mg/Nm3 ng/Probe mg/Nm3 pg/Probe mg/Nm3 pg/Probe mg/Nm3

Benzene 0,73 0,5 3,47 2,3 3194 2129 2468 1645

Toluene 6,20 4,1 8,17 54 1035 690 217 145

Naphthalene 63,2 42,1 67,0 44,7 238 159 149 29

Table 55: results of the tar measurement of the product gas (second measurement).

::Jl""w‘“e""E'hV'e“g'\’k"' Blind, 19.KW Blind, 19.KW VERENA, 19.KW VERENA, 19.KW

2°¢, 30 min,~ 1,5 NI

e S21A S21B S28 A S28B
ng/Probe mg/Nm3 1g/Probe mg/Nm3 1g/Probe mg/Nm3 ug/Probe mg/Nm3

Benzene 0,60 0,4 0,82 0,6 2145 1430 1665 1110

Toluene 4,11 2,7 3,67 2,4 842 562 154 102

Naphthalene 64,1 42,7 96,0 64,0 225 150 163 108

A+B
mg/Nm3
3774

835
258

A+B
mg/Nm3
2540

664
268

The H,S and NH; measurement of the product gas showed the following concentrations:

0,0016-0,0044 vol% H,S and <0,0001 vol% NHs.

B301 05.05.1521:15 B301 05.05.1523:20 product gas, GF1 product gas, GF7

Vol% Vol% Vol% Vol%
H,S 0,0022 0,0043 0,0016 0,0044
NH; < 0,0001 < 0,0001 < 0,0001 < 0,0001

In Table 56 the Hg-measurements done by Tauw B.V. according to NEN-EN 13211: 2001

Norm are listed. The amount of Hg (0,003 mg/Nms) in the product gas is very low.

Table 56: results of the Hg measurement of the product gas from gas bottle done by Tauw B.V.

Results measurements Mercury Karlsruher Instiut fur Technologie, bottle

Parameter eenheid measurement1 measurement2 measurement 3 average
date [dd-mm-yyyy] 06-05-2015 06-05-2015 06-05-2015
time start [hh;mm] 1340 1412 14:44
time stop [hh:mim] 14:10 14:42 15:14
MErcury [mg/Nm] 0,002 0,003 0,003 0,003
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11 Conclusions and recommendation

The present project includes three parts. Several experiments in the Lab-scale and two
experiments in the pilot scale.

As first part of this project several lab scale experiments were carried out. These
experiments comprised the gasification of sewage sludge from the municipal purification
plants of Lelystad and Oijen and were performed in a dedicated continuous flow test rig. It
was demonstrated that the gasification of sewage sludge in supercritical water is feasible.
Stable operation is possible, even in small delicate lab scale equipment and with
concentrated sludge (up to 17 wt. % DM). The operation proceeded better than with plant
biomass, which contains bigger particles and is less homogeneous than the sewage sludge.
After optimization of the process conditions and adaption of the experimental procedures to
the sewage sludge good carbon balances (100 + 10 %) were reached. High gasification yields
of up to 80 % were achieved while the process has a cold gas efficiency of up to 0.95. The
highest cold gas efficiency was observed by gasification of a feed with a concentration of
13 wt. % DM. During the experiments with both sludges the salts could be separated by
about 50 %. Several minor elements (heavy metals) could not be detected and therefore
could not be balanced. This only accounts for amounts less than 1 g of a total experiment.
Altogether a compressed, clean product gas with high calorific value in one process step can
be gained. During experiments with the Lab scale plant no severe corrosion has been
observed. This is due to the alloys used in the different parts of the plant, especially alloy
602 as reactor material. Only after all the experiments with sewage sludge and some
additional gasification experiments with micro algae, a lower temperature tube made of
stainless steel 316 leaked.

During this set of experiments some solid material was detected after disassembling of lines
(tubes) not in the reactor. Although in some cases coke — soot were detected, the total
amounts were low. The same is the case for corrosion products. Tar was found in an amount
of few g in the filter cake of the waste water phase.

As second part of this project a first experiment in the pilot scale was carried out. This
experiment was the first gasification of sewage sludge from the municipal purification plant
of Oijen in the pilot scale and was performed in the dedicated continuous flow pilot plant
VERENA.

The VERENA plant, previously improved with new pre-heaters, performed well and reached
the desired reaction temperature of 660 °C.

It was demonstrated that the gasification of sewage sludge (11,8 wt%) in supercritical water
with a representative amount of 400 kg sewage sludge is feasible. For the first time effective
(but not complete) separation of the inorganic salts of the feed was realized. The TOC of the
feed stream has been reduced by more than 85 %. The only solid matter exiting the process
is brine containing inorganic salts (phosphates and carbonates).

A lot of new knowledge has been gained from this experiment, valuable for the engineering
of a commercial plant:
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This experiment showed that the product gas contained H,S, 0.1 vol %, a high value.
Tar concentration in the product streams (both aqueous and gaseous) is an issue for the
quality of the product gas, the quality of the waste water and the stability of operation. The
gasification efficiency was lower than in an experiment in the lab scale under similar
conditions.
During experiment an increase of the pressure difference inlet — outlet has been observed, a
clear indication of fouling. Also the viscosity of the feed was high for the tubing used in the
VERENA plant (8 mm i.d.).
Erosion of some parts of the system for the salt separation was high.
The first experiment ended with a very persistent plug in the main pre-heater of the plant.
As a third part of this project, a second experiment in the pilot-scale plant was carried out.
This was the second gasification experiment of sewage sludge from the municipal treatment
plant of Oijen in the pilot scale and it was performed —as the first experiment- in the
dedicated continuous flow pilot plant VERENA. In order to avoid plugging of the plant and
gain better results compared to the first experiment, the sludge had a lower concentration
of about 7 wt. % DM.
After the first experiment and the repair of the pre-heater, a new campaign was executed in
April 2015. During start-up operation with water the plant showed again clogging. The plug
was removed but after discussion with the Dutch delegation present the feeding of sewage
sludge did not start because of the uncertainties concerning the solids in the reaction
system.
Then, the sewage sludge prepared for the experiment was disposed. The plant was
thoroughly cleaned by one week operation with water at the operation conditions (T>600 °C,
p=280 bar) and additionally by gasification of an ethanol solution for several (40) hours.
After this campaign, parts of the plant tubing were disassembled and cleaned. Dark solid
matter from the first experiment with sewage sludge has been removed. Experiment with
new sewage sludge has been performed with a third campaign in May 2015.
This experiment showed smooth steady state operation during several (8) hours. Two high
pressure bottles were filled with the product gas. Several samples have been collected and
were analysed.
The minor elements in the feed are balanced better than 80 %. Only K, Mg, S and Si show a
poorer balance (mostly 60 %). Also Ni, Mo and Cr show a much higher amount in the product
streams than in the feed. This is a clear evidence of corrosion of the reaction system.
The separation of salts was improved and 76 % for the total ash was found in the cyclone
concentrate. Phosphorus was recovered in the cyclone concentrate.
The gasification yield was 57 % a value which is lower compared to the Ilab-scale
experiments. About 4 % of the carbon forms after reaction inorganic soluble components
most probably NH;HCO3. Some 3 % of the Carbon contained in the feed forms the TOC of the
waste water and 14 % is found in the cyclone concentrate.
There is a difference on the feed composition between the lab scale and the pilot scale
experiments: The concentrated sewage sludge was diluted with pure water for the lab scale
experiments. The feed for pilot plant experiments was diluted with the water phase gained
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from the dewatering of the sewage sludge. Thus there were additional not identified organic
and inorganic substances present.

Also during this experiment tar formation was observed. The experiment was interrupted
due to indications of beginning plug in the high pressure system. During restart pressure
drop occurred. This conducted the end of the experiment.

The leak was in the pre-heater.

After disassembling the reactor solid corrosion products were collected from the lower part
of the reactor. The reactor contained several different materials and so it is not easy to
localize exactly the corrosion.

e The material alloy 625 should be avoided for the construction of a commercial plant.
Mechanical stress during fabrication of the components and tubing should be
minimized, especially in the high temperature part of the plant. This is due to
dealloying of Mo from alloy 625 during operation.

e Tar concentration in the product streams (both aqueous and gaseous) is an issue for
the quality of the product gas and waste water. The gasification efficiency was lower
compared to the experiments in the lab scale under similar conditions. The stream
with salt concentrate contained, due to the temperature of 470 °C, tarry material. If
the process layout provided salt separation at temperatures higher than 600 °C only
low tarry material would be found. A salt separation after the reaction zone would
result in a much lower concentration of organics in the salt concentrate. This can be
realized only with other process layout —like the so called two stream feeding in the
VERENA which is more expensive- or with other hardware.

e Erosion of the system for the salt separation was high. To mitigate erosion, a further
improvement in the salt separation system is necessary.

e Additional experiments, both in the lab eventually with other process layout and
hardware and in the pilot scale, are recommended in order to understand the
reduced gasification efficiency during scale up to the pilot plant scale.
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Appendix

Results of analysis by Aquon on samples from STOWA VERENA test run #1

Component Unit sewage AZ (B202) % of feed AS (B204) % of feed Auslauf (B306) % of feed total% Component Unit Sewage
sludge salt from cyclone salt from reactor effluent recovered sludge
calculated Dry matter content % dry matter 11,7%
values for Ash residu % of dry matter 22%
dilution
BOD 5 days (allylthioureum) mg 02/1 38500 2110 5% 1320 3% 1550 4% 13%  BOD 5 days (allylthioureum) mg 02/ 38500
cob mg 02/1 159366 5520 3% 5710 4% 5320 3% 10% COD mg 02/ kg dry matter 1362100
BOD/COD ratio . 0,24 0,38 0,23 0,29
Kjeldahl-N mg N/I 5967 370 6% 1900 32% 4700 79% 117%  Kjeldahl-N g N/kg dry matter 51
Ammonium mg N/I 1638 150 9% 1600 98% 3600 220% 327%  Ammonium g N/kg dry matter 14
Cl, dissolved mg/| i 702 450 64% 69 10% 140 20% 94%  Cl, dissolved mg/kg dry matter 6000
P total mg P/I 2340 250 11% 190 8% 31 0% 19% P total g P/kg dry matter 20
S total mg S/ 573 84 15% 8,7 2% 17 3% 19%  Stotal g S/kg dry matter 4,9
metals metals
Mg mg/| <293 43 38 11 Mg mg/kg dry matter <2500
Al mg/I 959 120 13% 110 11% 0,52 0% 24% Al mg/kg dry matter 8200
K mg/I <1170 1100 330 48 K mg/kg dry matter <10000
Ca mg/| <1170 160 160 25 Ca mg/kg dry matter <10000
Cr ug/ 3744 660 18% 490 13% <50 31% Cr mg/kg dry matter 32
Fe mg/| " 2106 160 8% 160 8% <1,5 15% Fe mg/kg dry matter 18000
Ni ug/| 2223 9000 405% 16000 720% 1300 58% 1183% Ni mg/kg dry matter 19
Cu ug/ 44460 4100 9% 1600 4% 120 0% 13% Cu mg/kg dry matter 380
Zn ug/| 83070 9300 11% 7600 9% 120 0% 20% Zn mg/kg dry matter 710
As ug/| 410 <25 <25 <25 As mg/kg dry matter 3,5
Mo ug/| 1112 2500 225% 5600 504% 27 2% 731% Mo mg/kg dry matter 9,5
cd ug/| 103 <20 <40 <5 Cd mg/kg dry matter 0,88
Sb ug/| 433 10 2% <5 <5 2% Sb mg/kg dry matter 3,7
Pb ug/| 7722 640 8% 460 6% <10 14% Pb mg/kg dry matter 66
Hg ug/| 53 <0,2 3,4 6% 2,1 4% 10% Hg mg/kg dry matter 0,45
PAH 16 components (EPA) ug/l 0,72 123016 87057 PAH 16 components (EPA) mg/kg dry matter
PAH 10 compontents (VROM)  ug/| 620 0,58 0% 109171 17605% 73394 11836%  29441% PAH 10 compontents (VRON mg/kg dry matter 53
Naphtalene ug/l <6 0,46 98316 59123 Naphtalene mg/kg dry matter <0,05
Acenaphthylene ug/l <6 <0,04 1728 1779 Acenaphthylene mg/kg dry matter <0,05
Acenaphthene ng/! <6 0,04 4126 3295 Acenaphthene mg/kg dry matter <0,05
Fluorene ng/l <6 0,05 6372 5792 Fluorene mg/kg dry matter <0,05
Phenanthrene ng/l 63 0,06 7565 8197 Phenanthrene mg/kg dry matter 0,54
Anthracene pg/l 9 <0,01 1958 2541 Anthracene mg/kg dry matter 0,08
Fluoranthene ug/! 176 <0,01 907 1684 Fluoranthene mg/kg dry matter 1,5
Pyrene ng/l <6 <0,02 1556 2581 Pyrene mg/kg dry matter <0,05
Benz[a]anthracene pg/l 69 0,02 113 444 Benz[a]anthracene mg/kg dry matter 0,59
Chrysene pg/l 75 <0,01 188 788 Chrysene mg/kg dry matter 0,64
Benzo[b]fluoranthene pg/l <6 <0,01 60 188 Benzo[b]fluoranthene mg/kg dry matter <0,05
Benzo[k]fluoranthene ug/l 40 <0,01 20 104 Benzo[k]fluoranthene mg/kg dry matter 0,34
Benzo[a]pyrene pg/l 70 <0,01 59 312 Benzo[a]pyrene mg/kg dry matter 0,6
Dibenz[a,h]anthracene pg/l <6 <0,01 3,4 28 Dibenz[a,h]anthracene mg/kg dry matter <0,05
Benzo[ghi]perylene pg/l 54 <0,01 23 100 Benzo[ghi]perylene mg/kg dry matter 0,46
Indenol[1,2,3-cd]pyrene ug/l 64 <0,01 22 102 Indeno[1,2,3-cd]pyrene  mg/kg dry matter 0,55
Inhibition of biological nitrification compared to reference Inhibition of biological nitrification compared to reference
No dilution % 100% No dilution %
5x dilution % 100% 5x dilution %
10x dilution % 100% 10x dilution %
50x dilution % 100% 50x dilution %

153



Instinuut voor wateronderzoek en advies

Waterschap Aa en Maas Afd. Sector Zuiveren
T.av. FW. van der Molen

Pettelaarpark 70

5216 PP 's-Hertogenbosch

ANALYSERAPPORT
Datum Code Versie Informatie
27-05-2015 R150527028 1 klantvragen@aquon.nl

Opdrachtreferentie 2015-351

Opdrachtomschrijving 2015 Voorbereidingen VEREMA test KIT WsaAM
Opdracht referentie klant 5.5220.034

Rapportage ontvanger P. van Vugt

Geachte heer van der Malen,

Fosibus 3128
2000 AH Tiel

Pagina 1 van 3

Hierkij zend ik u de resultaten van het laboratoriumonderzoek dat op uw verzoek is uitgevoerd.
Deze analyses hebben wvitsluitend betrekking op de monsters, zoals die door u ter analyse zijn

aangeboden.

De werkzaamheden zijn, tenzlj anders aangegeven, uitgevoerd conform de PDC van AQUOMN.

Tevens is in het "overzicht methodes AQUON" informatie over de foegepaste

onderzoskamethoden te vinden. Beide documenten zijn te vinden op de website van AQUOM:

http:/faranw_agquon.nlfdownloadsidownloads_ aspx.

Informatie over uitbestede analyses (prestatiskenmerken, accreditatie, toegepaste normen) kan

worden opgevraagd bij accountmanagement van AQUON.

Het analyserapport mag slechts in zijn geheel worden gereproduceerd, tenzij vooraf schriftelijk

toestemming van het laboratorium wordt verkregen.

Ik vertroww ercp uw opdracht naar tevredenheid en conform de afspraak te hebben uitgevoerd.
Heeft u naar aanleiding van deze rapportage nog vragen, dan verzoek ik u contact op te nemen

met het laboratorium via het bovenstaande emailadres.

Hoogach‘tend
J;,f

_.:L{fér >

Ir. EEF.M. Nlemw.!nhu'ts
Adjunct-Directeur

ACIUON s geaccraditesrd wigens de door de Raad woor Accrediate gesteline criterla voor 2stiaboraiona, confom NEN
-ENHS0AEC 17025, onder nummer L553 voor getleden 2nals nader omsshreven n de scope van de acoredtatie. Op al

@r&ﬁ onze werizaamheden zin de Algemene |evernngswoonwaanen van inepassng.
v L k)
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00000000000

Insfiturt voor waterenderzoek an advies

Rapportnummer: R150527028 / 1

Posthus 328
4000 AH Tiel

Pagina 2 van 3

Monsternummer 15-038777
Monsterpuntcode 020ea
Monsterpuntomschrijving RWZI Qijen, Diversen
Matrix Zuiveringssib:
Type bemonstering Steekmonster
Soort onderzoek Project
Contramonster MNee
Monsternemingsdatumitijd 04-05-2015 00:00 Bagindiepte monstermeming
Begindatumdtijd monstermeming Einddiepte monsterneming
Einddatumitijd monsterneming
Onivangstdatum monster 18-05-2015 O7:10
Vrijgavedatum monster 27-05-2015 14:24
Opmerking klant P van Vugt
Biochemisch zuurstofverbruik, BZV na 5 dagen AQUON-Leiden
Electrochemis

Resulfzat Esnheld  Hosdanigheld Namen  Opm
Blochemisch muarsiofverbrulk met allyithloureum 41000 mpg uligedrukt in Zuwrsiol 2
Chemisch Zuurstofverbruik AGQUON-Leiden
Titrimetrie

Resuftzst Ecnbeld  Hosdsnigheld Namen  Opm
Chemisch zuurstofverbrulk 1251500 mgikg ulitgedrukt in Zuursiof | drooggewicht 2 2
Droge stof (Indamprest) en gloairest AQUON-Laiden
Gravimetrie
Pammeferomschving Resulfzat Esnheld  Hosdanigheld Namen  Opm
Dinoge saof TEL W Niet van toepassing H 2
Gloeirest ZE % Louw. droogoew lchi 2
Stikstof Kjeldahl AQUON-Leiden
i ,

Resuflast Eenheld Hasdanigheld Namen  Opm
stiksao Kjeidaki 43 gikg ultgedrukt in Stksiof | drooggewicht 1 2
Metalern AQUON-Laiden
Imductie gekoppeld plasma - massaspectromedrie
Pammeferomschving Resulfzat Esnheld  Hosdanigheld Namen  Opm
magnesm 3300 mgkg Louv. droogoew ichi 3.4
fostor toksal 23 gk ultgedrukt in Fosfor ! drooggewicht 3.4
caicium 15000 mgikg Louw. drooggew ich 3.4
chroom 3 mgkg Louv. drooggew o 3.4
ljzar 13 gk Lo, droogpew ot 3.4
rikkel 17 mgkg Louw. drooggew ich 3.4
Koper 450 mgikg Lo, drocggew 3,4
zink £40  mpikg Lo, droogpew ot 3.4
arseen 30 mgkg Louw. droogoew ichi 3.4
malybdesn 12 mgkg Louw. drooggew ich 3,4
cadmm o=l mgkg Lo, drooggew o 3.4
antioon 28 mgkg Louw. droogoew lchi 3.4
ik 015 mgkg Louw. drooggew ich 3,4
lood 55 mpkg Lo, drooggew o 3.4

— AGZUON Is wWoigens de door te Raad voor Accrediiate critenia voor iestaboratorna, conform NEN

onze WenZaamheden Zin 62 AlgSmens |sveringevoonwEarien Van (Danassng.

— geaccragitesnd gesteida
\ -ERHEOAEC 1T02E, onder nummer LES3 voor gebleden Zoals nadier omschneyen In de scopsa van de acrediatie. Op al
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4000 AH Tiel
Inatitt voir wakeranderzoek &n advies
Rapportnummer: R150527028 [ 1 Pagina 3 van 3
Nutrigmten AQUON-Leiden
Discrestanalyser
Pasmetarnmschfying Resuiast Eenhed  Hoedanighald Wormen  Opm
chioride 5500 makg tow. dmooggewicht 1 2
ammonium 12000 makg witgedrukt In Silkstod | drooggesicht 1 2
PAK AQUON-Leiden
Hoge dmuwk vioeistofchromatografie - UV- en fluoresc.defector
Pasmetarnmschfying Reswiast Eenhedd  Hoedanighald Wormen  Opm
nafaleen <005 mykg Lo, dmoggewict 1
acenaftyleen <005 mgkgy tov. dmoggewtct 1
acenafteen 020 mgkg tow. dmoggewict 1
fluoreen LE3 mgkg Lo, dmoggewict 1
fenantresn 5 makg tow. dmoggewict 1
antracean 0S5 mglkg tow. dmooggewicht 1
fluorantheen 53 makg Lo, droggewict 1
pyTean 39 makg tov. dmoggewit 1
perzoja)aniraceen 33 mgkg Lo, dmoggewict 1
chrysean 33 makg tow. dmoggewict 1
perzoibjfluoranthesn 33 magkg tow. dmooggewicht 1
penzofkiucranhesn 15 makg Lo, droggewict 1
bermofajpyreen 29 mgikg Lo, dmoggesiat 1
dinenzo(a hjant@cesn 052 mgkg Lo, dmoggewict 1
berzojgnijpenyiesn 15 magkg Lo, dooggewicht 1
Indenai1,2, 3-cd)pyren 0 makg tow. dmoggewict 1
som 10 polyaromatische koolwatersiofen [WROM) 24 makg Lo, dmoggewict 1
$0m 16 potyaromatische kootwatersioen [ERA) 32 mgkg tow. dmoggewict 1
Maetalen Eurofins Analytico
Inductie gekoppeld plasma - atomaire emissie specfromefrie
Parameferomschiving Resuiaat Eenfeld Hoedanigheld Normmen  Opm
aluminium 8300 mgkg Lo, droggewict
Twavel tolaal 8400 mokg tov. dmoggewit

Owverzicht opmerkingen

1
2

Owerzicht normen

K5 Fead IRC3

De consarveringsienTijn voor deze analyse Is overschreden, de betrouwbaarhald van het resuitast wortdt ierdoor mogellk belmioed.

1 Analyse Elgen mesode

I Analyse Confonm MEN 5633:2006441:2007 ni

3 Analyse Conform MEN-EMASO 17294-2-2004 2n
4 Voobshandeling  Conform MEN 5961:2005 i

5 Analyse Gellkwaardlg aan MEN-EM 1236002001 en

6  Analyse Gellkwaardlg aan MEN-EM 125722001 en
Legenda

De met een “0" gemerkte parameters zjn geaccreditesrd.
De met een "S" gemerkte parameters zijn door de RvA geaccrediteerd op basis van het schema AS 2000 en AS 3000

Afkorting by resultaten:

na. :niet aantoonbaar

n.g. - nietgemeten

n.tb. - niette bepalen

Bezoskadres AQUON locatie Tiel

Bezoskadres AQUON locatie Breda
Bezoekadres AQUON locatie Leiden
Postadres AQUON

[
TEETEN
R | Byl

De Blomboogerd 12 4003 BX Tiel
Korte Hufakkerstraat & 4815 PS Breda
Voorschoterweg 13H 2324 AB Leiden
Postbus 328 4000 AH Tied

ACQUON |5 geacereditserd walgens de door de Raad voor Accreditatie gestelde critana voor testabaratona, conform MEM
-ERHEOAEC 17025, onder nummer LS53 woor gebleden zoals nader omschreven In de scope van de acorediiatie. Op al
onze werkzaamheden Zijn de Algemens leverngevooraaanien van toepassing.
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Waterschap Aa en Maas Afd. Sector Zuiveren
T.av. FW. van der Molen

Pettelaarpark 70

3216 PP 's-Hertogenbosch

ANALYSERAPFORT
Datum Code Versie Informatie
26-03-2015 R150526018 1 klantvragen@aquon.nl

Opdrachtreferentie 2015-351

Opdrachtomschrijving 2015 Voorbereidingen VERENA test KIT WaAM
Opdracht referentie klant  5.5220.054

Rapportage ontvanger P. van Vugt

Geachte heer van der Molen,

Hierkij zend ik u de resultaten van het laborateriumonderzoek dat op uw verzoek is uitgevoerd.
Deze analyses hebben uitsluitend betrekking op de monsters, zoals die door u ter analyse zijn
aangeboden.

De werkzaamheden zijn, tenzij anders aangegeven, uitgevoerd conform de PDC van AQUOMN.
Tevens is in het "overzicht methodes AQUON" informatie over de toegepaste
onderzoeksmethoden te vinden. Beide documenten zijn te vinden op de website van AQUOM:
hitp-/f'www_aguon.nlfdownloads/downloads aspx.

Informatie over uitbestede analyses (prestatiekenmerken, accreditatie, toegepaste normen) kan
worden opgevraagd bij accountmanagement vam AQUON.

Het analyserapport mag slechts in zijn geheel worden gereproduceerd, tenzij vooraf schriftelijk
toestemming van het laboratornum wordt verkregen.

Ik wertrouw erop uw opdracht naar tevredenheid en conform de afspraak te hebben uvitgevoerd.
Heeft u naar aanleiding van deze rapportage nog vragen, dan verzoek ik u contact op te nemen
met het laboratorium via het bovenstaande emailadres.

Hoogachtend,

=0

Ir. E.F.M. Nieuwenhuis
Adjunct-Directeur

ALUON |5 geaccreditesrd volgens de door de Raad voor Accrediatle gesteide critera voor testiaboratona, confomm MEN
-EM-IGONET 17025, onder nummer LSS3 voor gedleden zoals nader omschrevan In e scooe van oe aconeditatie. Op al
@r& orzs werkzaamheden Zjn de Algemens levenngEvooraaarndsn van toepassing.
B[]
v | byl
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Posbus 326

4000 AH el
Insdiiuis voor walerondezoek en odvies
Rapportnummer: R150526018 7 1 Pagina 2 van 4
Monsterm ummer 15-038T80
Monsterpuntcode 302000
Monsterpuntomschrijving RWZI Oijen. Diversen
Matrix Afvalwater
Type bemonstering Steekmonster
Soort onderzoek Project
Contramonster MNee
Monsternemingsdatumitjd 05-05-2015 23:33 Begindiepte monsterneming
Begindatum/ftijd monsterneming Einddiepte monsterneming
Einddaturnitijd monsterneming
Ontvangstdatum monster 15-05-2015 10:29
Vrijgavedatum monster 20-05-2015 1344
Opmerking klant P wvan Vugt
Respiratieremming AQUON-Breda
Eiectrochemis
Pammetarnmschrying Reswiast Eenbel  Hoedanighels Mormen  Gpm
Temicitett ng. % Mizt van foepassing 9 2,3
Droge Stof (Indamprest) en glocirest AQUON-Leiden
Gravimetrie
Fammefaromschmving Reswiaat Eenbel  Hoedanighels Nommen  Cpm
Droge stof FOOO  mail Migt van foenassing 14 2
PAK AQUON-Loiden
Hoge druk wioeistofchromalografie - UV- en fluoresc.defector
Pammeferomschrving Reswiaat Eenbed  Hoedanighels Marmen  Cpm
nafaleen 1002 ugl Mizt van foepassing 58
acenaftyleen EQ wgd Miet van iepassing 7.8
acenafieen 10 ugl Miet van inepassing 56
fuoraen 51 ugl Mizt van foepassing 5.6
feranireen 19 ugl Mizt van foepassing 5,6
antracean 052 ugl Mizt van foepassing 5.6
fuorantheen 043 ugl Mizt van foepassing 5.6
pyraan <020 ugl Migt van foenassing 5.6
berzofajaniraceen 055 ugl Mizt van foepassing 58
chrysean 070 ugl Mizt van inepassing 58
Berzob flucranthesn 025 wgld Miet van iepassing 5.6
Derzoikfuoranmesn D14 wgd Miet van inepassing 56
DerEo(ajpyTeen 040 wgl Miet van inepassing 56
dinenzofa, hjantracesen <010 ugl Mizt van foepassing 5.6
berzojghijparyieen 015 ugl Mizt van foepassing 5,6
Indeno(1,2,3-cdjpyreen 015 ugl Migt van foenassing 5.6
som 10 patyanomatische koohwatersiofien [WROM) 1007 ugd Mizt van foepassing 5
som 16 palyaromatische koohwaiersiofien [SPA) 1031 ugd Mizt van inepassing 5
Biochemisch zuurstofwerbruik, BZV na 5 dagen AQUON-Tiel
Efectrochemie
Parameferamschijving Reswiaat Eenheld Haoedanigheld Namen  Opm
Blochemisch zuursiofverbrulk met allyithicuraum 260 mgl uitgedrukt In Zuurshol 15
Chemisch Zuurstofverbruik AGQUON-Tiel
Titri .
Parmmeteromschriving Reswtast Eenteld  Hoedanigheld Mormen  Opm
‘Chemisch Zuurstofvaronik. 70 magil uitgedrukt In Zuurshol 2

— ACIOM |5 geacorediteerd volgens de door de Raad voor Accredliatie gestelde critena voor testiaborabona, conform MEN

Loy
TEETEM
RvA [ 58]

-EMHSOMEC 17025, onder rummer LSE3 voor gebieden zoals nader omsChreven In de scope van e acediate. Op al
ONIE WeTkZaamheden Tjn de AlgEmens leverngevoorwaanien van toepassing.
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— Pastbus 328

4000 AH Tiel
Inatituut woor wateronderzoek en advies
Rapportnummer: R150526018 /1 Pagina 3 van 4
Kwik (Hg) AQUON-Tial
Afomaire ahsorpbe speciromefrie - koude-dampischniek
Parametermmschviing Resufaal Eenfeld  Hoedanigheld Mamen  Cpm
Ewik <02 gl Mist van foepassing 10
Metalan AQUON-Tial
Inducfie gekoppeld plasma - massaspeciromeirie
Parametoromsciviiing Resukast Esnheid Mamen  Cpm
Misgnesiom 6B mgd M=t van foepassing 1z, 13 £
Auminium 84D wgll Mist van foepassing 12,13 -
Eallum 2500 mgf M=t van foepassing 12,13 4 E
Calkclum =10 mgd M=t van foepassing 1z, 13 4,58
Chroom 1200wl Mist van foepassing 12,13 -
fzer 341 mgh M=t van foepassing 12,13 4 E7
HEkel 23000 'l M=t van foepassing 1z, 13 £
Eoper 52 gl Mist van foepassing 12,13 -
Znk <50 wgll Mist van foepassing 12,13 £55
Arsesn =25 gl M=t van foepassing 1z, 13 4,58
Molybdesn 1550334 wgl Mist van foepassing 12,13 -
Cadmium 2400wt Mist van foepassing 12,13 EN-
Animoon =50 gl M=t van foepassing 1z, 13 4,58
Lo =25 wpll Mist van foepassing 12,13 L58
Nutrienten AQUON-Tial
Discrestanalyser
Parametermmschviing Resufaal Eenfeld  Hoedanigheld Mamen  Cpm
chlorde 170 mgdl ria fitrate {opgeicsts factie) 1
ammonium 500 mgf wigedruikt in SHkstof ma Tiirate 1 2
Fosfor totaal AQUON-Tial
Aufoanalyser
Parametemmschiiing FResufast Eenheld  Hoedanigheld Normen  Opm
fosfor otaal 55 gl uhpednit In Fosior 3.4
Onopgelosie stoffen (zwevende stof] , glasvezolfilter AQUON-Tial
Gravimeirie
Resukast Fenheld Hoedanighalkd Nomen  Opm
Zaewende shof 300 mgd M=t van foepassing "
Metalan Eurofins Analytico
Inductie gekoppeld plasma - massaspeciromelrie
Parametemmschiiing Resufast Eenheld  Hoedanigheld Normen  Cpm
zwavel totaal 1B mgl Mist van foepassing
Owerzicht opmerkingen

1

2 D+ ConsErvErngStenTi|n voor daze analyse is oversehieden, de batrouwhaarhald van het resuitaat wardt hieroor mogeilk belmvioad.

3 Respiratieremiming om: S0%, Siw: 30%, 100w 20%, 20 <10%

4 Het manster |5 voor de betreMande aralyse nist geconservesnt aangeievan. De befmuwbaarheld van het analyseresuitat Is hiemoor mogeljk
belvioed.

5 Heat monster |5 visusel erg vull

L] Rapportagegrens vamoogd Lv.m. marhesionng.
7 Resultaat s Indicated. vm storng Cr

Overzicht normen

1 Analyss Conform KEM §E04:2007 ni

2 Analyse Conform NEM 5633-2006i41:2007 i

3 Analyse Conform MEM-EN-120 15681-2:2005 &n
4 Voobehandeldng  Conform WEM-EN-IZ0 GETE2004 en

AN s 2erd voigans de door 02 Raad voor Accrediatie gasiaide criisna voor iestiabortona, confiom NEN
ERHE0 170235, onder nurmimer L5553 woor gebieden oals nader omschreven In e scope van de accrediatie. Op al

@R\\\ onzs werkzaamheden Zjn de Algemens Ieverngsvoonwaanien van tnepassing.
TFSTE
Buh | 5]
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Postbus 328
4000 AH Tiel
Inatitewt woor waterendezesk en advies
Rapportnummer: R150526018 /1 Pagina 4 van 4
5 Analyse Conform MEM-EN-IZ0 179932004 =n
&  \ioorehandelng KEM-EM-IZ0 179932004 en
7 Analyse Elgan methode
8 inorehandedng Elpan methode
3 Analyse WEM-EN-IZ0 81322007 en
10 Analyse Conform MEM-EN 1483:2007 &n
11 Analyse Geljowaardg ssn MEM 54552010 ni
12 Analyse Conform NEM-EN-30 17234-2:2004 £n
13 Voomshandelng  Conform MEM-EN-I20 15587-1:2002 £n
14 Analyse Galjbwaardyg zan WEM-EN 12880-3001 en
15 Analyse Gallbwaardg zan WEM-EN 189%-1:1538 ar 0l
Legenda

Die met een 1" gemerkte parameters zijn geaccreditesard.
Die met 2en "5" gemerkte parameters zyn door de RvA geaccreditecrd op basis van het schema AS 2000 en AS 3000

Afkorting by resultaten:
na. :met aantoconbaar
ng. et gemeten

nth. :niette bepalen

Bazoekadres AQUOMN locatie Tiel De Blomboogerd 12 4003BX Tl
Bezoskadres AQUON locabie Breda Korte Huifakkersiraat 6 4315 P35 Breda
Bezoekadres AQUOM locatie Leiden Voorschoterweg 18H 2324 AB Leiden
Postadres AQUON Posthus 328 4000 AH  Tel

SN

Rkl 35]

ACUION 15 geaccrediesrd volgens oe door de Raad voor Accrediate gesiside arfiana voor tesiaboratona, confom NEN
EN-ISOAET 17025, onder numimer L553 woor gebleden zoals nader Smechreven In de scope van de acedtatie. Op al
ONZE werkzaamheden Zjn de AIgEmens IBVENngswoorwaanden van toepassing.
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— Postbus 328
4000 A Tiel

Ingtituwt woar waterondarzock en advies
Pagina 1 van 4

Waterschap Aa en Maas Afd. Sector Zuiveren
T.av. F.W. van der Molen

Pettelaarpark 70

5216 PP "s-Hertogenbosch

ANALYSERAPPORT
Datum Code Versie Informatie
17-06-2015 R150617022 1 klantvragen@aguon.nl

Opdrachtreferentie 2015-351

Opdrachtomschrijving 2015 Voorbereidingen VEREMA test KIT WaAM
Opdracht referentie klant 5.5220.054

Rapportage ontvanger P. van Vgt

Geachte heer van der Molen,

Hierkij zend ik u de resultaten van het laboratoiumonderzoek dat op uw verzoek is uitgevoerd.
Deze analyses hebben uitzluitend betrekking op de monsters, zoals die door u ter analyse zijn
aangeboden.

De werkzaamheden zijn, tenzij anders aangegeven, uitgevoerd conform de PDC van AQUOMN.
Tevens is in het "overzicht methodes AQUON" informatie over de toegepaste
onderzoeksmethoden te vinden. Beide documenten zijn te vinden op de website van AQUOMN:
hitp-ifwww_agquon.nlfdownloads/downloads.aspx.

Informatie over uitbestede analyses (prestatickenmerken, accreditatie, toegepaste normen) kan
worden opgevraagd bij accountmanagement van AQUOMN.

Het analy=erapport mag slechts in zijn geheel worden gereproduceerd, tenzij vooraf schriftelijk
toestemiming van het laboratorum wordt verkregen.

Ik vertrouw erop uw opdracht naar tevredenheid en conform de afspraak te hebben uitgevoerd.
Heeft u naar aanleiding van deze rapportage nog vragen, dan verzoek ik u contact op te nemen
met het laboratorium via het bovenstaande emailadres.

Ir. E.F.M. Nieuwenhuis
Adjunct-Directeur

Wmﬁgwﬁmvﬂgﬂm i door g2 Raad woor Accrediatie gasiaide criiana woor estiaboratona, confomn NEN
EN-IF0 170235, onder nummer L3553 woor getisden 2oals nader smschreven In de scope van de acoredtatie. Op al

@I&\ onZ2 werkzaamheden Zjn de Algemens Isverngsvaorwaanian van toapassing.
IFSTE
RvA [ 541
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— Pastbus 328

4000 AH Tiel
Instituut waar waterendarzock en advies
Rapportnummer: R150617022 [ 1 Pagina 2 van 4
Monsternummer 15042440 Opm.: 1
Maonsterpuntcode 302000
Maonsterpuntomschrijving RWZ] Ojen, Diversen
Matrix Afuabwater
Type bemonstering Steekmonster
Soort onderzoek Project
Contramonster Mee
Monsternemingsdaturmitijd 20-05-2015 00200 Begindiepte monsterneming nwvit
Begindatumdtijd monsterneming Einddiepte monsterneming nvt
Einddatumitijd monsterneming
Onbvangstdatum monster 2705015 1421
Vrijgavedatum monster 17-08-2015 1622
Opmerking kant P wan Vgt
PAK AQUON-Leiden
Hoge druk vioeistofchromafografie - UV- en fluoresc.detector
Parameferomschiiing Resufast Fenheld Hoedanighald Namen  Opm
rattaieen 1518wl Miet van toepassing BT
aceratyieen 388wl Mist van oepassing ]
acerarteen 255wl Miet van toepassing [
fuoresn 352 wgl Miet van toepassing BT
f=nantrmen TES  wgl Mist van oepassing BT
antracesn 237wl Miet van toepassing [
fuoranthesn 541 wgl Miet van toepassing BT
pyresn 541wl Mist van oepassing BT
berrcod] alantraceen 344wyl Mb=t van foepassing [-rs
chrysesn 348wl Miet van toepassing BT
ez b fiucran Seen 270wl Mist van oepassing BT
beerod k fiuoran theen 125 wgll Mb=t van foepassing [-rs
ez ajyTEEn 250 wgl Miet van toepassing BT
dibenznda,hjantraceen M oug Miet van ioepassing 57
berrmoel ghlparybeen 24 el Mb=t van foepassing [-rs
Indena| 1,2 3-od pyreen 160 wgil Miet van toepassing BT
som 10 polyaromatsche koowatersiofien (VROM) 587wl Miet van ioepassing 5
som 1& polyaromafische kookwabersioffen (EFA) BETD gl Mb=t van foepassing &
Biochemisch zuurstofverbruik, BZV na 5 dagen AQUON-Tiel
Electrochemie
Resufast Fenheld Hoedanighald Namen  Opm
Blochemisch zuursiofverbrulk met alyithiouneus 12300 mgn ulgednkt In Zuurstof ] 2
Chamisch Zuurstofverbruik AQUON-Tiaf
Titrimedrie
Parameteromschiing Fesufaal Eenneld  Hoedanigheld Hamen  Opm
Chemizsch zunrsiotvemruk ITH00 mgh ulgednkt In Zuurstof 14
Kwik (Hg) AQUON-Tiel
Afomaire absorpie speciromefrie - koude-damplechniek
Parametcromscheiing Resutast Ecahcld  Hoedanighold Mamzn  Opm
Wik ILE  wgl Miet van toepassing 13 3
Droge Stof (indamprest) in afvalwater AQUON-Tial
Gravimeirie
Parameteromschriiing Resutasf Eenield  Hoedanigheld Maman  Opm
Droge s 576 % Miet van ioepassing 12
ACUION s eerd voigens de door de Raad woor Accrediatie gesiaide criiera woor testiaboratona, confom MEN

-ENR-S0AET 17025, onder nummer L553 woor gebieden 2oals nader omschreven In de scope van de acoreditatie. Op al
@m\ onza wekzaamheden Zijn de Algemens IsverngsvoorwaEardan van toepassing.
TFSTEN

Bl | 467
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— Postous 328

4000 AH Tiel

Ingtituut woor waterondarzoek en advies
Rapportnummer: R150617022 [ 1 Pagina 3 van 4
Strkstof Kjeldahl AQUON-Tiel
Thrimetri

Resufast  Eenheld Hoedanighekd Nomen  Opm
sHistod Kjeidahl 3000 mgA whgednukt in SHiestod =
Metalen AQUON-Tiel
Inductie gekoppeld plasma - massaspecirometris
Parametermmschiping Resufast Fenheld  Hoedanigheld Noman  Opm
Magnesium 1300 mgn HMist van foepassing 10, 11
Aluminium 00620 wgl Mi=t van foepassing 10, 11
Eallum 15000 mgf Mi=t van foepassing 1@, 11
Caiclum BOD0  mgA BMist van foepassing 10, 11
Chroom 22000 wg Mi=t van foepassing 10, 11
fzer 4700 mgf Mi=t van foepassing 1@, 11
Mkl 510000  wg!l BMist van foepassing 10, 11
Foper 170000 gl Mi=t van foepassing 10, 11
Znk 250000 wg!l Mist van foepassing 10, 14
Arzesn 330w BMist van foepassing 10, 11
Miolybdeen 140000 gl Mi=t van foepassing 10, 11
Cadmium 420 wgl Mist van foepassing 10, 14
Antimoon 250 g BMist van foepassing 10, 11
Lood 22000 wg izt van foepassing 10, 11
MNutriegnten AQUON-Tiel
Discrestanalyser
Parametemmschiiing Resukast Fenheld  Hoedanighehd Naman  Cpm
chiorde 1600 mgfl ra fitratie jopgeioste factie) 1
ammonium 1300 mgn wigednikt In SHisto® na fitratie 1
Fosfor totaal AQUON-Tial
Aufoanalyser
Parametemmschiping Resukast Eenheld  Hoedanighekd Noman  Opm
fosfor totaal 200 mg whgednikt In Fosior 3.4
Metalen Eurofins Analytico
Inductie gekoppeld plasma - massaspecirometrie
Parametermmschiping Resufast Fonheld  Hoedanighekd Nomen  Cpm
zwarvel ttaal 520 mgA HMist van foepassing
Owerzicht opmerkingen
1 B2 Cyciona Sump Varena

2 D consenverngstenmijn voor deze analyse is overschreden, de batrotwbaarhakd van het resuttaat wordt hierdoor mog=ilk belmvioad,

3 D pwerige gemeten venunningen geven resuitaten In dezeifde range, ma@ar Zjn kwaliatier minder betrouwaaar
Owerzicht normen

1 Analyse Conform NEM §E04:2007 nl

2 Analyss Geljpwaardg zan NEM-EN 1833-1:1388 ennl

3 Analyse Conform NEM-EN-IZ0 15681-2:2005 n
4  Voorehandelng  Conform HEM-EN-I20 68752004 =n

5 Analyse Conform NEMHB0 S663:1933 en

5 Analyse Conform NEM-EN-IZ0 173932004 en
7 Woornehanmdsing NEM-EN-IZ0 173532004 en
8 Andlyse Elgan methoods

9  Voorehandelng — Eigen methods

10 Anatyse Conform NEM-EN-IZ0 17234-2:2004 £n
11 Voorbehandeling  Condtorm WEM-EN-I20 15587-1:2002 n
12 Analyse Geljpwaardg zan NEM-EN 128802001 en

13 Analyse Conform NEM-EN 1483:2007 &n

14 Anatyss Conform WEM §E633:-2005041:2007 ni

AQUCN s E£rd voigens 02 goor de Raad voor Accrediatie gesiside criiena woor tesiaboratona, confomm NEN
-ENHE0 17025, onder nurnimer L553 woor gebieden 2oals nader sinschreven In de scope van de accreditatie. Cp al

%ﬂh&\\\ onZe werkzaamheden Zjn o2 Algemens Ieverngsvoonyaandsn van tospassing.

163



Postbus 328
4000 AH Tiel
Ingtituwt woor waterendarzoek en advies
Rapportnummer: R150617022 /1 Pagina 4 van 4

Legenda
Die met een "Q° gemerkbe parameters zijn geaccrediteerd.
De met een "5" gemerkie parameters zyn door de RvA geacorediteend op basis van het schema AS 2000 en AS 3000

Afkorting by resultaten:
na. :met aantoonbaar
ng. et

et gerneten
nth. : et te bepalen

Bezoekadres AQUON locate Tiel De Blomboogerd 12 4003BX  Tel
Bezoskadres AQUON locatie Breda Korte Huifakkerstraat & 4315 P53 Breda
Bezoskadres AQUON locatie Leiden Vioorschoterweg 18H 2324 AB Leiden
Postadres AQIUON Postbus 328 4000 AH  Tel

mmugwmmmmumwmm gesiakie criiana woor tesiaboraiona, confomn NEM
SEMHSOAET 17025, onder numimer L553 voor geblisden zoals nader dmechreven In de soope van de aocredtatie. Op al
%gl.\’:\\ onre werkzaambeden Zijn de Algemens leveringsvooranaarden van toepassing.

TFSTER

[ [V VR
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4000 AH Tiel
Ingtituwt woor wateranderzoek en advies
Pagina 1 van 4

Waterschap Aa en Maas Afd. Sector Zuiveren
T.awv. FW. van der Molen

Pettelaarpark 70

2216 PP "s-Hertogenbosch

ANALYSERAPPORT
Datum Code Versie Informatie
03-06-2015 R150603031 1 klantvragen@aguon_nl

Opdrachtreferentie 2015-351

Opdrachtomschrijving 2015 Voorbereidingen VERENA test KIT WsAM
Opdracht referentie klant  5.5220.054

Rapportage ontvanger P. van Vugt

Geachte heer van der Molen,

Hierbij zend ik u de resultaten van het laboratonumonderzoek dat op uw verzoek is uitgevoerd.
Deze analyses hebben uvitsluitend betrekking op de monsters, zoals die door u ter analyse zijn
aangeboden.

De werkzaamheden zijn, tenzi] anders aangegeven, uitgevoerd conform de PDC van AQUON.
Tevens is in het "overzicht methodes AQUON" informatie over de toegepaste
onderzoeksmethoden te vinden. Beide documenten zijn te vinden op de website van AQUON:
http2fhaerw_aguon. nl/downloads/downloads .aspx.

Informatie over uitbestede analyses (prestatickenmerken, accreditatie, toegepaste normen) kan
worden opgevraagd bij accountmanagement van AQUON.

Het analyserapport mag slechts in zijn geheel worden gereproduceerd, tenzij wooraf schriftelijk
toestemiming van het laboratorium wordt verkregen.

Ik vertrouw erop uw opdracht naar tevredenheid en conform de afspraak te hebben uitgevoerd.
Heeft u naar aanleiding van deze rapportage nog vragen, dan verzoek ik u contact op te nemen
met het laboratorium via het bovenstaande emailadres.

Hnogachtend,
'

Ir. E.F.M. Nieuwenhuis
Adjunct-Directeur

AQUCH s geaccrediesrd voigens ge door de Raad voor Accrediatie gesisiie criiena voor tesiaboratona, confom NEN
ERHE0 17025, onder nurmimer LS55 woor gebisden oals nader omschreven In de Seope van de accrediatie. Cp al

@m\\ onze wekzaamheden Zjn de Algemens Ieverngswoonwaanien van toepassing.
IFSIN
Ak L 341
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Monsternummer 154038795 Opm.: 1
Maonsterpuntcode 302000
Monsterpuntomschrijying RWZ1 Ogen, Diversen
Matrix Afvaloater
Type bemonstering Steekmonster
Soort onderzoek Project
Contramonster Mee
Monsternemingsdatumitijd 05-05-2015 0820 Begindiepte monsterneming nwt
Begindatumdtijd monsterneming Einddiepte monstememing nwt
Einddatumitijd monsterneming
Ontvangstdatum monster 15405-2015 1032
Vrijgavedatum monster D3-06-2015 1308
Opmerking klant P wan Vugt
PAK AQUON-Leiden
Hoge druk vioeistofchromafografie - UV- en fluoresc.detector
Paramefermmschifing Resukast Eoaheld  Hoedanigheld Homen  Opm
rattaleen BEID  wgl Mist van toepassing 55
acerahyieen 531wl Mizt van loepassing 7.8
acenaftesn TAD  wgl Mist van iepassing 55
fuoresn 1306wl Mist van tepassing 55
ferantreen 1246wl Mizt van loepassing 55
antracesn 431wl Mist van iepassing 55
fuoranthesn 278wl Mist van tepassing 55
Fyresn L Mizt van loepassing 55
berzodajaniracesn BD  ugl Miet van loepassing R
chrysesn 151wl Mist van tepassing 55
Eenzed b fucraneen 3B ugl Mizt van loepassing 55
berzadk fluoranthesn 19wl Miet van loepassing R
berzodajnyTEen B ugl Mist van tepassing 55
dibenzoda,hjantracesn ED  wgl Mist van tepassing 55
Eeercz ghljperyisen ® ugl Miet van loepassing R
Indena| 1,2 3-cdpyreen L Mist van tepassing 55
som 10 polyaromatische koowakersiofien (VROM) 11364 wgl Mist van tepassing H
som 18 polyaromatsche koowatersiofien (EFA) 12480 wgl Miet van loepassing H
Biochemisch zuurstofverbruik, BZV na 5 dagen AQUON-Tiel
Elecirochemie
Resufast Fenhedd Nomen  Opm

Blochemisch zuursiofverbrulk met aliyithiouneus 830 mgn ulgednikt In Zuurstof 2
Chamisch Zuurstofverbruik AQUON-Tiel
Titi .
Parametermmschriing Fesufasf Eenfeld  Hoedanigheld Momen  Opm
Chemisch zuarsiotverbruk 2510 mgn uBgednikt In Zuurstof 3
Kwik (Hg) AQUON-Tiel
Afomaire shsorpbe spectrometrie - koude-dampiechniek
Paramefemmschiiing Resukaat Eenhedd Women  Opm
Ewlk 17 wgl Mi=t van foepassing a
Droge Stof (indamprest) in afvalwater AQUON-Tiel
Gravimefrie
Parametermmschriiing Resufast Fenhedd Hoedanigheld Nomen  Opm
Dwoge siof oo ® Mist van toepassing 4 2

ACUON 5 e dnor de Raad voor Accrediatie arfiena woor iesiaboratona, confiomn MEN

e

eerd gesiside
17025, onder nummes L3553 voor gebieden 20als nader oMsChreven In de 500pe van oe acredtatis. Op al
onZe werkzaamheden Zjn de Algemens Isverngsvoonkaanien van toepassing.
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Metalen AQUON-Tiel
Inductie gekoppeld plasma - massaspeciromefrie
Parameferomschiiing Resufast Fenheld Hoedanighald Namen  Opm
Magnesium <10 mg Miet van inepassing 1o, 11 3,4
Auminium 190wl Miet van foepassing 10, 11 1,4
Eallum 80 mai Mb=t van foepassing 1@, 11 3,4
Calcium <20 mgi Miet van inepassing 1o, 11 3,4
Chroom M ugl Miet van foepassing 10, 11 1,4
fzer =0.30 mgi Mb=t van foepassing 1@, 11 3,4
kel 5000wl Miet van inepassing 1o, 11 3,4
Kioper 13wl Hiet van oepassing 10, 11 3,4
ik o owgl Miet van oepassing 10, 11 1,4
Armeen <50 ugl Miet van inepassing 1o, 11 3,4
Malybdesn 100wl Hiet van oepassing 10, 11 3,4
Cadmium 13 wpl Mb=t van foepassing 1@, 11 3,4
Arimoon <10 ugl Miet van inepassing 1o, 11 3,4
Lo <50 wgl Hiet van oepassing 10, 11 3,4
MNutrigénten AQUON-Tial
Dizcrestanalyser

Resufast Fenheld Nomen  Opm
chiorde 2= mghl ria fitratls iopgekoshs fractie) 1
ammonium 2200 mg uBgedrukt in SHEso? na firate 1 2
Fosfor totaal AQUON-Tral
Aufoanalyser
Parameteromsciriing Resufaat Eenhesd Namen  Opm
fosfior totaal 100 mgi uBgedrukt In Fosftr 12,13
Metalen Eurofins Analytico
Inductie gekoppeld plasma - massaspecirometrie
Parameteromscheiiing Resufast Eeahcld  Hoedanighald Mamzn  Opm
Twavel totaal 17 mgi Miet van nepassing
Owverzicht opmerkingen
1 Reahiosumed abrnug B202

2 D= consenveringsteTijn voor oaze analyss s ovErsChTeden, de betrouwbaarhald van het resultaat wordt hierioor mogailk belTvioa.
3 Hatmonster s voor de Delrefance anaiyse fiat geconserveent aangeievan. D befrouwbaarheld van het analysereeuitaat s hiemoor mogel

belmvioed.
4 Maonster Is visues! eng vull
Overzicht normen
1 Andlyse Conform
2 Analyse Gellbwaandg aan
3 Analyse Conform
4 Analyse Gallbwaandyg san
5 Analyse Contorm
G  vioorehandelng
7 Analyse Elpen methode
8  Vvoorbehandeling  Eigen methode
9 Analyse Conform
10 Anatyse Conform
11 Vvoorbehandellng  Conform
12 Analyse Conform
13 Vvoorpehandelng — Conform
ACUION s

ERHZ

de goor de Raad woor Accrediatie

WEM §6042007 nl

HEM-EN 1895-1:1558 ennl
KEM 5833 2006/41:2007 nl
WEM-EN 128803001 =n
KREM-EN-IZ0 179532004 en
HEM-EN-IZ0 1732322004 en

WEM-EN 1£83:2007 &n
NEM-EM-I30 17254-2:2004 £n
HEM-EN-IZ0 1558712002 &n
HEM-EN-I20 15851-2:2005 &n
NEM-EM-I20 68TE-Z004 &n

EEr VOigans gesiakie Criiana voor tEsiabaratnna, Confom MEN
17025, mnmmﬂmg&m&nmmmln tlesu:pe-um ﬂeanu'a:ltaﬂe.ﬂpa

onze werkzaambeden Zijn de Algemens everingsvooravaarden van toepassing.
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Legenda
Die met een 1" gemerkte parameters zijn geaccrediteerd.
Die met een "5" gemerkte parameters zyn door de RvA geaccrediteerd op basis van het scherna AS 2000 en AS 2000

Afkorting by resultaten:
na. :niet aantconbaar
ng met
nth. :niet te bepalen
Bezpekadres AQUCM locatie Tiel Die Blomboogerd 12 4003 BX  Tiel
Bezpekadres AQUIOM locatie Breda Horte Huifakkersiraat 4315 PS5 Breda
Bezoekadres AQUOM locatie Leiden Voorschotenweg 18H 2324 AB Leiden
Postadres AQUON Postbus 328 4000 AH el
ACUION s geaccrediieerd voigens de door de Raad voor Accrediatis criteria voor iesliaboratona, confom NEN

EN-ISOAET 17025, onder nummer L553 woor gebieden zoals nader dmechreven In de scope van de acredtatie. Op al
Qgh\\\ onZe werkzaamheden Zjn de Algemens IEVENngsvoorwaanien van toepassing.
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