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Fuel test report

Fuel type

Woodchips, mix | (1:5 fallningsslam (F1): woodchips), Mix Il (1:4
fiber sludge (S1):bark), bark

Marking/id (reports, testdata)

Woodchips Ljungtrd, mix1, mix2, bark Ljungtra

Supplier

Woodchips, bark -Ljungtra; fallningslam, fiberslam, Kappala
Waste water treatment facility.

Project number

2013

Project name

Biomass Xpose
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This report is a part of the deliverables for completing action B.8 for Biomass Xpose project covering
the results from gasification of biomass residues from two different waste streams: "##$%$i&dge
(F1) from a water treatment plant and fiber sludge (S1) from a paper mill, were carried out at a
Cortus’ pilot plant in Kdping during first and second quart of 2017 Selection of the fuels had been
made based on the investigation presented in report 2, where the fuels were mixed accordingly to
the recipe provided in the report. The results were summarized with two pure fractions for
reference, respectively, woodchips and bark. Photography of all tested material is presented in Fig,1
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Mixing of samples were made accordingly to the results obtained in Report 2, 1:5 for Mix | and 1:4
for Mix Il. connecting This ratio ensures stable and safe operation as well as identification of the
influence of pure fractions on mixed properties of the mixes. Table 1 summarized the main
characteristics of the tested material. F1 is a solid waste deposit from a water treatment plant of high
ash and moisture content and low concertation of organic matter. Direct use of this waste would be
not feasible for Woodroll process. Adding F1 at 10-20% to woodchips enables to utilize this waste
resource without significant decrease of process efficiency and preserves economic beneficial due to
gate fee for F1. S1is rich in lignin residue from paper industry of a high heating value despite of
larger content of the moisture. During pyrolysis 80% of the fraction turns to volatiles leaving not
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sufficient amount of char coal used for gasification in Woodroll process. Thanks to those properties it
is am useful component for bark gasification which contain in turn high concentration of char coal
after pyrolysis.

Execution of the project (previously scheduled for 2016) was postponed due to issuing a renewed
environmental permission for running those fuels by a local environmental authority. The test
program assumed running all four fuels via Cortus’s pilot plant in K&ping to collect the analysis from
the main -and -side process’ streams. All samples have been subjected to similar running conditions.
The tested material passed drying, pyrolysis and gasification steps and the results brought up a
compulsory information on the fuel feasibility into the Woodroll process plus reveal several crucial
data on their properties during processing in the pilot plant e.g. condensate analysis, emission data,
ash composition etc.

Table 1 Basic fuel information. Data marked with * is received from the supplier.

Woodchips (WC) | Mix1(0,2F1+0,8WC) | Mix Il (0,25 S1+0,75 B) Bark (B)
HHVd incl. ash 19.4 19.6 19.8 20.7
[MJ/kg]*
Moisture 20-30 35 52-55 45-55
content [%]
Ash content 0.46 2.4 3.3 39
[% db]
Bulk density 230-260 250-300 240-330 220-270
[kg/m’]
Size fraction 50-100mm <100mm <120mm 50-120mm

* based on Milnes method
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The first part of the fuel evaluation consists of external analysis where the fuel is tested with respect
to elementary analysis extended with ash melting behavior. The results aim for gathering basic

information about the chemical and thermal behavior of the sample including: moisture content, CH
O N S and ash composition. Based on the external analysis results, the fuel may be admitted to tests

in lab scale. Ash properties and composition can be crucial at high temperature as i.e. too low
melting temperature may result in forming slag during gasification that can have a negative impact
on stability of the gasification process.
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Elementary analysis is necessary to determine mass and energy balance of the system and predict
the process efficacy. The elementary analysis is used for raw fuels as well for the intermediate and
final products. Based on the results from Report 2 it was decided to mix woodchips with fallning

sludge (F1) and bark with fiber sludge.

Method :

GL12#*+H-+I#*0*$51)J+1$1#J2%2+/1+) 1<+ (*#2+

Elementary analysis, standard SS-EN 15104:2011/15407:2011

Sample date 2015-12-10 2016-02-25 2016-02-25 2015-12-10
WC, F%, S1, (fiber

Sample ID \Woodchips FSliningslam |sediment. sludge) B, Bark

Sample # 152808 160564 160565 152806

Moisture, 1053;C (%) 19 56.8 54.4 51
Ash, 5504;C db (% ts) 0.46 63.0 1.1 3.4
Carbon (C) db (% ts) 49.6 25.2 43.6 52.2
Hydrogen (H) db (% ts) 5.9 2.8 6.2 5.7
Nitrogen (N) db (% ts) 0.16 0.1 0.1 0,6
Oxygen (O) db (% ts) 43.8 20.4 48.8 38
Chlorine (Cl) db (% ts) <0.02 <0.02 0.08 0.03
Sulphur (S) db (% ts) <0.012 0.02 0.034 0.039
HHV, MJ/kg db incl.ash 19.4 8.89 17.19 20.7
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S1, (Fiber

WC, _ F1, sediment.
Sample ID Woodchips FSliningslam sludge) B, Bark
Ash Shrinkage Starting
Temp, SST (ox.atm.) (jC) 790 880 710 1080
Ash Deformation Temp, DT
(ox.atm.) (iC) 1470 1460 1190 1440
Ash Hemisphere Temp, HT
(ox.atm.) (iC) 1480 1470 1220 1450
Ash Flow Temp, FT (ox.atm.)
(i©) 1490 1480 1310 1460
Silica (Si) (mg/kg ts) 80 29500 2440 3390
Aluminium (Al) (mg/kg ts) 26,9 27500 1590 760
Calcium (Ca) (mg/kg ts) 1120 225000 764 7050
Iron (Fe) (mg/kg ts) 18,3 1530 226 355
Potassium (K) (mg/kg ts) 770 <500 64,2 2310
Magnesium (Mg) (mg/kg ts) 163 4060 133 949
Manganese (Mn) (mg/kg ts) 91,9 15,9 24,3 657
Sodium (Na) (mg/kg ts) 40,5 <300 1200 422
Phosphorus (P) (mg/kg ts) 67,8 110 15,9 497
Titanium (Ti) (mg/kg ts) 1,44 805 45,7 31,1
Arsenic (As) (mg/kg ts) <0.08 0,112 <0.1 <0.1
Barium (Ba) (mg/kg ts) 21,5 29,3 10,6 101
Lead (Pb) (mg/kg ts) 0,456 0,651 0,487 1,14
Boron (B) (mg/kg ts) 2,24 <1 <1 9,29
Cadmium (Cd) (mg/kg ts) 0,0963 0,163 0,217 0,571
Cobalt (Co) (mg/kg ts) 0,0809 0,114 0,145 0,405
Copper (Cu) (mg/kg ts) 1,19 2,61 2,04 3,81
Chromium (Cr) (mg/kg ts) 1,07 10,8 15,9 2,78
Mercury (Hg) (mg/kg ts) <0.01 <0.01 <0.02 0,0408
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Performed by: Belab Brdnsle och Energilaboratoriet, ALS

Pyrolysis was conducted at temperature of around 360C. The char is an intermediate product to be
gasified with steam in syngas production. The properties of the generated chars are collected in table
6-8.

G12#*+K-1#*0*$51)J+1$1#I2%2+/'+2/#%4+3 I BER *4+3)/4

Sample ID WC char, Mix |, char Mix 2, char B, char

Sampel ID nr 162504 171667 171668 162720
Ash, 550;C %db 0.83 3.14 14 4.4
Carbon (C) %db 80.4 73.3 63.2 74.5
Hydrogen (H) %db 4 4.1 3.1 3.7
Nitrogen (N) %db 0,1 0.32 0.14 0.61
Oxygen (O) %db 14.6 19.1 19.5 16.9
Chlorine (Cl) %db <0.02 <0.02 <0.02 0.02
Sulphur (S) %db <0.012 0.031 0.022 0.024
HHV, kW 30.5 28.1 25.9 28.6

!
+

G12#*+M-+N2=+8=1)185*)%L 15%/$+%6$+8=2y821!5*)+3J)/#J

Sample ID WC char, Mix |, char Mix 2, char B, char
Ash 2 1,5 1,3 2,1
Ash Shrinkage Starting

Temp, SST (ox.atm.)

(i©) 780 1120 1160 1190
Ash Deformation Temp,

DT (ox.atm.) (jC) 1310 1160 1460 1450
Ash Hemisphere Temp,

HT (ox.atm.) (iC) 1320 1170 1490 1460
Ash Flow Temp, FT

(ox.atm.) (;C) 1330 1180 >1500 1470
Silica (Si) (mg/kg ts) 208 6180 11000 1690
Aluminium (Al) (mg/kg ts) 47,8 1190 7190 636
Calcium (Ca) (mg/kg ts) 1980 4930 59500 16700
Iron (Fe) (mg/kg ts) 557 2630 3570 736
Potassium (K) (mg/kg ts) 43,6 1840 522 1130
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Magnesium (Mg) (mg/kg
ts) 218 635 1620 1920
Manganese (Mn) (mg/kg
ts) 203 329 314 1390
Sodium (Na) (mg/kg ts) 10,2 2291134 183
Phosphorus (P) (mg/kg
ts) 27,5 222 185 990
Titanium (Ti) (mg/kg ts) 1,8 52,1 228 22,4
Arsenic (As) (mg/kg ts) <0.4 <0.4 <0.4 <0.4
Barium (Ba) (mg/kg ts) 32,9 76,8 64,3 250
Lead (Pb) (mg/kg ts) 0,568 1,78 3,01 1,61
Boron (B) (mg/kg ts)
Cadmium (Cd) (mg/kg ts) 0,173 0,413 0,255 1,01
Cobalt (Co) (mg/kg ts) 0,188 0,536 0,764 0,901
Copper (Cu) (mg/kg ts) 4,8 5,41 6,07 6,61
Chromium (Cr) (mg/kg
ts) 1,06 4,85 14,9 4,5
Mercury (Hg) (mg/kgts) |<0.05 <0.05 <0.05 <0.05
Molybdenum (Mo)
(mg/kg ts) 0,17 0,778 0,983 0,188
Nickel (Ni) (mg/kg ts) 0,885 4,89 6,34 2,27
Vanadium (V) (mg/kg ts) 0,125 2,39 4,75 0,765
Zinc (Zn) (mg/kg ts) 31,9 0,611 59,7 302

The inorganic composition has a great impact on the ash melting behavior of a fuel. Key components
to predict and explain the ash properties are silica, sodium, potassium, magnesium, calcium and
aluminum. For wood based fuels these are also the elements of highest fractions. In general silica,
potassium and sodium lowers the melting temperature while calcium and magnesium increases the
melting temperatures as well as aluminum. However, the most important parameters are the quotes

between these elements.
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The last stage of the fuel evaluation is tests in pilot scale in the 500 kW WoodRoll® plant in Képing.
The results from these tests are split into the four main process steps- drying, pyrolysis, grinding and
gasification. The fuels that positively passed lab and TGA tests can be considered as “candidates”

5 +%#%,)1 &

Fel! Hittar inte referenskalla. presents general information of the fuel delivered to the site in Képing.
The data may differ a bit especially in terms of moisture content from those listed in table 1, as they
were measured on site before testing.

G1?#*+0+.12%8+!(*#+%$!/)015%/$+12+)*8*%P*4Q+

Woodchips F1 + woodchips Sl+bark Bark
Moisture content as 20-40 40-50 50-55 40-55
recieved [%]
Size 10-40 mm (sieved) 10-40 and dust 20-100 20-100
(sieved)
Contaminants dust
Bulk density wet-dry | 330-240 360-250 320-190 300-190
biomass [kg/dm3]
Other properties Presence of larger Dust, different Fluffy S1, not easy | Difficultin
(smell, dust) pieces size fraction to homogenize, handling through
spotted improvement feeding system
compared with
pure bark

5/ 1717838 &

During pyrolysis from the dried fuel around 25-45% of char is generated to become a “real” fuel for
gasification with steam. The rest of the matter is released in form of pyrolysis gas (mixture of vapor
tar, gases) which is consumed for indirect heating of the plant. Each of the four-tested fuel had been
evaluated via TGA prior to run in pilot scale. Based on those results, the optimal pyrolysis
temperature was decided for every fuel providing optimal distribution of the pyrolysis products.

10
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distribution of mass after pyrolysis
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distribution of HHV after pyrolysis
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From elementary analysis of raw fuels and pyrolyzed char the composition of pyrolysis can be
derived. This leads to determination of a formula which describes molar ratio of C, H, O comprising
char and/or pyrolysis gas which is shown in Fig.4. The results are used for determining among the
others heating values, molecular weight, mass and energy balance, stoichiometry.

11
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The results indicate similar distribution of C, H, O that retrain in char for all tested fuels. Distribution
of S and N is less uniform partially due to lower concertation of sulfur and nitrogen in samples and in
consequence larger error of determination and partially due to different type of chemical bonding of

those elements in the raw fuels.

5, +)8303N$3"# &

Gas composition from gasification testes with 4 tested fuels at 1100C at steam-to-fuel ratio 1:1.25 is

presented in Fig.5.

12
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It is clear from the above figure that gas composition is very uniform regardless of the origin of the
virgin fuel. The heating value is between 9,7-10,5 MJ/Nm3. The cold gas efficiency (fuel output over
fuel input) lays down between 73 for mix ll, 77% for mix | and bark 80% for woodchips, respectively.
b Tar analysis via SPA method is presented in table 6. It reveals very low concertation of benzene

below 10mg/Nm3 The poorer efficiency denoted for case with Mix Il is due three times higher ash
connect compered with other fuels.

G1?2#*+X-+G1)+1$1#J2%2+%$+2I$&12+P%1+Y SN+0*5=/4++

Sample Number 1 2 3 4
Sample Name Woodchips Mix | Mix I Bark
mg/Nm3 mg/Nm3 mg/Nm3 mg/Nm3
Benzene 9,38 6,9 8,53 8,69
m/p-Xylene 2,145 1,84 1,88 0
Sum 11,53 8,76 10,41 8,69

The stoichiometric ratio of steam to fuel gives the minimal amount of steam in kg/h (or mole/h)
which is needed to consume 1kg/h of char (or mole/h char) through the solid-gas reaction in order to
produce the syngas comprising only from H2 and CO. If the char is composed 100% of carbon it

13
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would require exactly 1 mole of steam to produce H2+CO in equal ration according to the
endothermic reaction:

*%

I "#$0 ") $9
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With a huge simplification, if all the carbon is consumed any extra amount of steam would react with
carbon monoxide to form H2 and CO2 according to the water gas shift reaction:

*

(%& (3 4o

- % &

5 1(

With a competitive reaction for methane formation which is not in favor at the gasification
conditions but cannot be neglected.

A(%6& . (51& ,%!( .

Although there are many more, these two reactions are the most important for the gasification as
they determine the mass flows of the reactants. They also give a hint that the meaningful molar ratio
between steam and carbon is in the range 1 to 2. Ratios lower than 1, would result in incomplete
conversion of the char, whereas larger than 2, would increase the steam content in the syngas. This
also explains that higher CO/CO2 is generated at lower steam supply and, in contrary, higher yields of
H2 is obtained at higher the steam supply.

In fact, char is not 100% made of coal, so every oxygen in the char will reduce the stoichiometric
requirement for steam. It is though convenient to represent the char composition in molar
composition referred per one mole of C in order to predict the correct flows of the reactants. The
same can be done for H, O etc. Moreover, taking to account the yields of char and pyrolysis gas (as
mass of dry biomass input to the pyrolysis reactor minus the mass of the char yield will give us yield
of pyrolysis), it possible to determine CHxOy for both char and pyrolysis gas. As the yields of pyrolysis
gas and char were established for dry, ash free, Table 28 presents the char and pyrolysis gas molar
composition. Based on them the stoichiometric ratio for steam gasification and stoichiometric ration
for air combusting at A=1 of the pyrolysis gas is calculated.

G12#*+Z-6=*0%81#+1$1#J2%2+/1+8=1)+1$4+BATHGBUBABEI68+)*[(%6)*0*$5+/1+ 25+ 10+!/) BEIS2HAITBASL+ /1 -+
8/0?(25%/$+1%)+!/)+8/034#*5*+8/02(25%/$+/1+ 303 AP

S/F
Pyrolysis stoich
Fuel type |temperature|char pyrolysis gas kg/kg | Air/PG
Woodchips 360 | CH0.6100.19 | CH2.6801.38+ 0.15H20 1,04 3,73
MIX | 360 | CH0.6700.19 | CH2.5101.25 + 0.16H20 0,79 4,09
MIX Il 380 | CH0.5900.2 |CH2.3601.05 +0.14H20 0,82 4,41
Bark 380 | CH0.600.17 |CH2.2701.05 + 0.15 H20 0,93 4,27

14
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Table 8 provides an overview of the different evaluated parameters.

G1?2#*+\++A15)%B+/P*)+4%!1*)*$5+*P1#(15*4-+31)10*5*)2

Sulphur, clorine

Property Feasibility in Woodroll? Adjustment possible?/Recommendations

Ash melting Ok for all tested material Required a specific/additional sampling

temperature procedure and extra attention due to
heterogeneity of the fuel

Syngas OK

composition

Gas quality- Not seen, potential issue with melting

contaminants in the gasifier after wood residues

Gas quality - Below 10 mg benzene

tars

Specific Not seen an effect, in product streams,

elements- most of sulfur goes into pyrolysis gas.

Size fraction

Not an issue for a big plant but at test
plant in Képing, need for sieving due
to big fractions for the small rotary
feeders. Some issues with
homogeneity of the mixed fractions

Transport Problem with segregation in bark and Homogenization, sieving,
properties Mix II, low density of mix Il and bark
biomass require larger volumes to be handled
to provide the same yields.
Grinding and No problem during grinding
sieving
properites

Contaminants
biomass-stones,
gravel

Dust presence in mix |,

sieving, additional treatment needed.

? 1 "#11-83"'#& &

All four fuels were successfully gasified showing very small differences in gas composition, yields and
efficiency between the tested material.

15
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Addition of lower value waste biomass like falningslam to woodchips in amount of 10-20% did not
affect gasification process to large extent and is safe for the operation. Mixing of fiber sludge with
bark has a marginal impact on the performance but improve the flowability of the fuel throughout
the process.

Some improvement must be however taken for homogenization of the fuels in a large scale in order
to replicate the properties of the blends without segregation of the fractions.

The optimal pyrolysis temperature for woodchips and for mix | was found around 365C, meanwhile
for bark is around 400C which is in accordance with theoretical predications. At these temperatures
the overall gasification efficiency reaches 80% and drops down when increasing of pyrolysis
temperature

No significant difference in syngas composition due to type of fuel. Higher dependency of steam/fuel
ratio on gas composition and heating value. Tar content (mainly benzene) found to be around
500mg/Nm3 gas and for wood residues 4 times lower.

Ash composition for wood residues makes that the ash numbers lay down in the border for melting
at the gasification temperature. This along with heterogeneity of the fuel call for an extra caution
when dealing with wood residues.

16



