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1 Introduction

The Alps4GreenC project aims at implementing transnational value-chains in the Alpine
territories to facilitate the development and implementation of bio-economy focusing mainly
on the sustainable production and utilization of green carbon, especially biochar.

Therefore, project tasks not only foreseen practical tests for biochar production, but also
mapping activities, context and gap analyses and policy recommendations.

In order to collect the biomass residues to be converted into biochar, facilitate the mapping
and raise awareness among citizens, companies, and other stakeholders on the benefits of
green carbon utilization, a crowdsourcing campaign was launched in the three countries
involved in the project: Austria, Italy and Slovenia.

In the course of the activity 1.3 Practical testing and pilot production of green carbon the
Deliverable 1.3.1 Alps4GreenC Testing and pilot production report is created.

This report presents the methodology used for residue analyses, laboratory tests, pilot tests
and biochar analyses. Based on analyses results, 10 residues are selected for laboratory tests
(5 for gasification tests at unibz, 5 for pyrolysis tests at BEST). Afterwards, tests at pilot scale
are conducted (pyrolysis of 1 residue at BEST, gasification of 1 residue at unibz). The produced
biochars in lab and pilot tests are sent to NIC for analyses and evaluation of its suitability for
sustainable use in agriculture and steel industry. Further biochar analyses are performed from
the external laboratory Water&Life Lab (Italy) and the project partner unibz.

BEST coordinated the report and the partners NIC and unibz supported the report with
discussions and exchanges to share know-how on tests and processes.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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2 Characterization of Residues

Out of the contenders of the crowdsourcing campaign, ten residues in total were set for
thermochemical conversion, as described in more detail in deliverable 1.1.1. Table 1 gives an
overview of the investigated residues and their origin.

Table 1 Selected residues and their source

Code | Residues Conversion | Scale of Participant Country
technology | Reactor

Coffee husks Pyrolysis Laboratory | Atlantic Droga Slovenia
Kolinska d.o.o.

River woody Gasification | Laboratory | Dravske elektrarne Slovenia

debris Maribor d.o.o.

Walnut shells Pyrolysis Laboratory | NUSSLAND GmbH Austria

+ Pilot

Bran (starch) Pyrolysis Laboratory | Agrana Research & Austria
Innovation Center
GmbH

Compost screenings | Pyrolysis Laboratory | Brantner Osterreich Austria
GmbH

Spelt husks Gasification | Laboratory | Karl Brader Austria

Wood affected by Gasification | Laboratory | Dapoz Roland Italy

bark beetles + Pilot

Chestnut wood Gasification | Laboratory | Ledoga srl Italy

without tannins

Vine prunings Gasification | Laboratory | Az. Agr. Corte Arano di | Italy
Giovannini Mattia

10 Wood chips from Pyrolysis Laboratory | BIOMASS GREEN Italy
broadleaf forestry ENERGY SRL
sites

Before the thermochemical conversion tests started, all the selected residues were analyzed
thoroughly, with AIEL being responsible for this task. The laboratory that performed the
analyses was the Water & Life Lab, Via Enrico Mattei n°37, 24060 - Entratico (BG) — ITALY. The
analyzes can be summarized in three different groups, with the results being shown in Table
2 to Table 6:

e General residue characterization

e Heavy metal and inorganic nutrient contents

e Particle size analyses
General residue characterization covers moisture content, ash and volatile matter content,
elemental analyses for C/H/N/S/Cl, heating value, bulk density and ash melting behavior (this

This project is co-funded by the European Union through the Interreg Alpine Space programme
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was only done for gasification, as the temperature used for pyrolysis should not melt the
ashes). Particle size analyses covers the particle size distribution of the residues. Both general
residue characterization and particle size distribution were necessary to determine whether
the residues were suitable for the process, or if any pretreatments would have been
necessary. Moreover, heavy metal and nutrient analyses were performed to determine if any
elements would be influenced by the thermochemical conversion, either through emission or
contamination.

These residues were selected to reflect the participation in the crowdsourcing campaign
described in deliverable 1.1.1, which resulted in 2 residues from Slovenia, 4 residues from
Austria and 4 residues from Italy. The following sections describe the residues selected and
the motivation behind their selection.

2.1 Results of Residue Characterization

In general, the results from the residue analyses did not show anything unexpected or
unusual. The results of general residue characterization are shown in Table 3 and Table 4.
Looking at the main elemental constituents (carbon, hydrogen, oxygen and nitrogen), it can
be seen that biomass residues differ in their elemental composition. While hydrogen hardly
differed among the residues, with most of them being at around 6 w/w% 4.b. (W/W% 4. is for
weight by weight in percentage on dry basis), carbon, oxygen and nitrogen did show
considerable differences. For carbon the maximum value was found in the walnut shells with
49.0 w/w% 4.b. and the minimum value was found in the compost screening surplus with 42.0
w/w% 4. The maximum oxygen was found in the tannin removed chestnut wood with 44.7
W/W% 4. and the minimum was found in the compost screening surplus with 33.2 w/w% d.p..
For nitrogen, the maximum amount was found in the coffee husks with 2.9 w/w% q4.b. and the
minimum was found in the bark beetle affected wood with 0.1 w/w% 4.b. Chlorine was below
0.1 w/wW% q.. for all samples except the compost screening surplus that contained 0.58 w/w%
d4.b. chlorine. Sulphur was below 0.1 w/w% 4. for all samples, except the walnut shells, the
wheat bran and the compost screening surplus, each containing 0.28, 0.18 and 0.24 W/W% d.b.
respectively. Ash, another main constituent of biomass, was also present in varying amounts.
The maximum amount was found in the compost screening surplus with 16.94 w/w% 4., which
is rather high for biomass and the minimum ash content was found in the tannin removed
chestnut wood with 0.69 w/w% 4. The high ash content in the compost screening surplus
can be explained by the presence of inorganic parts like metals, sand and small stones., as is
usual for a residue of this kind (Sieb-OPTI, 2020). The calorific values are typical for biomass,
with values around ~14.4-18 MJ/kg 4b.. Bulk density and moisture content also showed
considerable variability.

As an additional step of quality insurance, the general fuel data was compared with available
data from the Phyllis2 database. The database contained general fuel data for coffee husks,
walnut shells, bran (starch), compost screening and vine prunings. Strong similarity was found,
as can be seen in Table 2, further assuring the quality of analyses.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Table 2: Values gathered from residue analyses compared to data from the Phyllis2 database. All values are based on dry

basis (d.b.) and given in % w/w, except
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for the gross calorific value, which is given in MJ/kg.

Parameter Alps4GreenC | Phyllis2
Coffee husks
Code 1 #2307
Ash content 7.32 11.61
Carbon 46.7 46.5
Hydrogen 6.1 6.3
Oxygen 36.6 35.0
Nitrogen 2.9 0.7
Gross calorific value 18.72 18.93
Walnut Shells
Code 3 #1435
Ash content 1.23 0.56
Carbon 49.0 50.0
Hydrogen 5.9 5.7
Oxygen 43.4 43.4
Nitrogen 0.4 0.2
Sulphur 0.03 0.01
Wheat Bran
Code 4 #2389
Ash content 7.08 7.00
Nitrogen 2.5 2.94
Compost screening
Code 5 #908
Ash 16.94 20.14
Carbon 42.0 40.2
Hydrogen 5.2 4.1
Oxygen 33.2 34.6
Nitrogen 1.6 0.7
Sulphur 0.24 0.12
Gross calorific value 17.03 17.00
Vine prunings
Code 9 #3351
Carbon 46.4 48.2
Hydrogen 6.0 5.6
Oxygen 431 42.8
Nitrogen 0.8 0.8
Gross calorific value 18.65 18.81

Regarding the heavy metal elements, it can be said that all the samples contained very little
arsenic, thallium, mercury and cadmium, with most or in the case of thallium all the analyzed
residues having concentrations below the limit of quantification of the method used. Lead,

This project is co-funded by the European Union through the Interreg Alpine Space programme
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nickel and chromium were present in detectable amounts with concentrations of <10 mg/kg
a.b. for all samples. Manganese, copper and zinc showed the highest levels with some samples
being <10 mg/kg 4.,., most of the samples being between 10-100 mg/kg 4... and in the case of
manganese some samples even exceeding 100 mg/kg 4b. The nutrient elements P and K
showed great variation between the analyzed residues. For phosphorous the maximum value
found was 13259.0 mg/kgq.n. in the wheat bran and the minimum value was 28.5 mg/kg 4. in
the tannin removed chestnut wood. For potassium, the maximum value was 16747.2 mg/kg
d.b. in the walnut shells and the minimum value was 108.7 mg/kg 4. in the tannin removed
chestnut wood. For all the data on heavy metal and nutrient contents see Table 5. The results
of the particle size distribution can be seen in Table 6. It is clearly visible that the wheat bran
has the smallest average particle size, with basically 100 % of it belonging to the <3.15 mm
fraction. The vine prunings, on the other hand, showed the largest average particle size, with
51.5 % belonging to the >100 mm fraction.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Table 3: General properties of the analyzed residues
Moisture gsgoat Bulk density Carbon Chlorine Hydrogen Oxygen Nitrogen |Sulphur
Sample W-% d.b. W-% d.b. kg/m? W-% d.b. W-% db. W-% d.b. W-% d.b. W-% d.b. W-% d.b.
1 25.04 7.32 342 46.7 0.06 6.1 36.6 2.9 0.28
2 26.27 1.70 217 47.6 <0.01 6.0 44 .4 0.3 0.04
3 11.78 1.23 286 49.0 0.04 5.9 434 0.4 0.03
4 10.70 7.08 386 44.2 0.06 6.4 39.6 2.5 0.18
5 7.07 16.94 231 42.0 0.58 5.2 33.2 1.6 0.24
6 10.01 7.05 153 43.4 0.008 5.8 43.2 0.4 0.07
7 3.89 0.96 185 48.4 0.01 6.1 44 .4 0.1 <0.01
8 39.56 0.69 275 48.3 0.01 6.0 44,7 0.3 0.02
9 13.10 3.61 107 46.4 0.02 6.0 431 0.8 0.07
10 29.89 3.61 246 46.0 0.01 6.0 439 0.5 0.05
ISO
Methods |50 14780:2019 1\ 2005019 | 150 14780: 2019 + IS0 16994: 2017 Met calculated by | 1SO 16948: | 1SO 16994: 2017 Met
used ’2'(';? 18134111 1s018122: |1s0 17828:2016 | P01 6948:201 ’;0;);50 10304-1: 1150 16948:2015 | ifference 2015 A +1S0 10304-1: 2009
2016

9
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Table 4: Calorific values for the different residues

Gross calorific value

Net calorific value

Gross calorific value

Net calorific value

Sample MJ/kg MJ/kg MJ/Kg 4. MJ/KE d.b.
1 14.04 12.96 18.73 18.10

2 14.04 12.96 19.04 18.45

3 17.64 16.56 20.00 19.10

4 16.20 15.12 18.14 17.22

5 15.84 16.20 17.05 17.62

6 15.48 14.40 17.20 16.27

7 19.44 18.36 20.23 19.20

8 11.16 10.08 18.46 18.28

9 16.20 15.12 18.64 17.77

10 12.60 11.88 17.97 17.99
Methods used ISO 18125: 2018 ISO 18125: 2018 calculated calculated

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Table 5: Nutrient and heavy metal contents of the analyzed residues. All values in mg/kg 4. * The starred Tests are not ACCREDIA qualified. The used methods: ISO 14780: 2019; ISO 16968:2015

and I1SO 6170 :2016

Sample | As Cd Cr *Mn Hg Ni Pb Cu *TI Zn *p *K

1 <04 <0.2 1.8 44.0 <0.04 1.0 0.3 63.6 <20 15.2 918.0 16747.2

2 <04 0.2 6.4 74.9 <0.04 3.2 1.9 3.1 <20 21.0 171.3 615.6

3 <04 <0.2 1.8 7.0 <0.04 1.2 <0.2 3.4 <20 5.0 305.8 2696.3

4 <04 <0.2 0.4 101.5 <0.04 0.9 <0.2 11.5 <20 97.9 13259.0 | 12392.7

5 1.6 0.2 15.3 195.1 <0.04 6.2 4.5 18.2 <20 58.7 2169.5 13001.5

6 <04 <0.2 2.1 11.9 <0.04 1.0 <0.2 1.5 <2.0 9.1 1892.2 33425

7 <04 0. 3.6 50.0 <0.04 2.2 3.0 8.7 <2.0 27.0 38.6 674.3

8 <04 <0.2 5.7 35.1 <0.04 2.8 0.8 2.0 <20 7.4 28.5 108.7

9 <04 <0.2 3.8 34,5 <0.04 2.4 0.5 11.7 <2.0 37.3 1105.0 5685.1

10 <04 0.3 2.8 15.6 <0.04 1.4 0.5 5.8 <20 29.4 540.1 2638.9
Table 6: Particle size distributions for the different samples. All values given in %. Methods used: ISO 14780: 2019; I1SO 16968:2015 and 1SO 6170: 2016

Sample <3.15mm 3.15-16 mm | 16-31.5mm | 31.5-45mm | 45-63 mm 63-100 mm | >100 mm Sumin %

1 12.9 85.9 0.0 0.0 0.0 0.0 0.0 98.8

2 29 24.8 38.7 18.5 53 0.0 8.7 98.9

3 1.6 17.0 80.1 0.9 0.0 0.0 0.0 99.7

4 99.9 0.0 0.0 0.0 0.0 0.0 0.0 99.9

5 33.1 57.8 6.4 1.9 0.0 0.0 0.0 99.2

6 87.4 12.6 0.0 0.0 0.0 0.0 0.0 100.0

7 3.3 31.5 51.7 9.8 1.7 0.0 1.9 99.9

8 8.3 74.5 15.6 0.5 0.0 0.0 0.0 98.9

9 13 11.4 7.5 4.9 1.3 22.1 51.5 99.9

10 3.7 27.2 50.4 9.9 2.0 0.0 5.1 98.1

This project is co-funded by the European Union through the Interreg Alpine Space programme
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2.2 Mapping of residue providers

In the BioBASE Kompass, we visualize bioeconomy value chains by connecting resources and
products. By naming the suppliers of raw materials and converters into products, our
customers can identify interesting contacts for their applications easily. It's simple to find
similar raw materials for the same product and vice versa, helping users discover new
applications for the same raw materials.

The Kompass enhances knowledge of raw material suppliers and producers of biochar,
allowing users to understand which raw materials have been tested in the Alps4GreenC
project. Additionally, in the BioBASE Kompass, we have conducted mapping of residue
providers. This allows interested parties to search for new residues and understand current
value chains of biochar producers.

More details of the functionality of the BioBASE Kompass can be found here:
https://biobase.at/kompass/

i Figure 1 Screenshot of
. the BioBASE Kompass
5 [0BASE section where Biochar is

mentioned

This project is co-funded by the European Union through the Interreg Alpine Space programme
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3 Biochar Production

One of the main goals of this project was the production of biochar from different residues.
Two thermochemical technologies were set to do this task: Pyrolysis and Gasification. Five of
the selected residues were converted with each technology at lab scale, with one of those
residues additionally being converted by a pilot scale plant (also see Table 1). The
responsibility for the conversion tests was split between BEST and unibz, with BEST being
responsible for pyrolysis testing and unibz being responsible for gasification testing.

3.1 Pyrolysis

3.1.1 Sample Pretreatment

After evaluating the quality of the results, it was also determined whether the residues were
ready for conversion or if some additional pretreatment was necessary. For pyrolysis, no
fundamental problem was found. However, the coffee husks and the wood chips from
broadleaf forestry (samples 1 and 10) needed some treatment before the tests could start.
Both residues were delivered in particle sizes too large for the lab-scale pyrolysis reactor and
contained a problematic amount of moisture. For the wood chips, this is reflected in Table 6
with a considerable portion of the residue belonging to the fractions of 16 mm and above and
a moisture content of ~30 w/w%. To overcome these issues, the wood chips were air-dried
first (moisture of ~9 w/w%) and then sieved through a 16x16 mm mesh, located at BEST
(Figure 2). For the coffee husks, the pretreatment was not that easy. As seen in Figure 3, the
coffee husks were originally delivered as large briquettes, representing their final form after
processing. These briquettes varied in physical rigidity, with some being rather brittle and
others being very sturdy. This not only prevented them from being pyrolyzed, but also made
it impossible to get reproduceable results in the particle size analysis. In addition to that,
similar to the wood chips, they contained a lot of moisture (~25 w/w%) which caused molding
in the batch stored at BEST. To address this, the lab responsible for analyses crushed the
briquettes into smaller chunks with a powdery fraction, so the particle size analyses would
yield reproduceable results. BEST requested a new batch from the provider, that was taken
pre-briquetting, which also resulted in lower moisture content (see Table 7). The new batch
of coffee husks (to be seen in Figure 3) was a lot finer and should more or less resemble the
particle size distribution that was determined for the crushed briquettes in the lab.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Figure 2: The 16x16 mm sieve apparatus made by FleXiever Figure 3: Top: The Eoffee husks in their final form
located at BEST, used to sieve sample 10 after processing; Bottom: The second batch of coffee
husks at BEST, set for pyrolysis

3.1.2 Lab-scale Pyrolysis

The experimental setup

The lab-scale pyrolysis was performed on a small, custom-made plant, located at BEST in
Wieselburg, Lower Austria. The system is a continuous rotary kiln, with the ability to adjust
inclination and speed of rotation of the drum. It is electrically heated, with three separate
heating elements being responsible for providing and sustaining the temperature in the
reactor. The drum has a total length of 2.9 m and a heated length of 1.1 m, with a diameter of
0.27 m. It is a screw-fed system, with the residue storage being marked in Figure 4. The plant
has a nominal capacity of 2.5 kg/h woodchips. The inclination of the drum can be varied
between 0 and 10° and the speed of rotation can be varied between 1 and 11 revolutions per
minute. The maximum temperature of the heating elements can sustain up to about 1000-
1100 °C and a variable nitrogen flow (0-200 L/min) is provided through four different inlets,
to ensure an oxygen-free reactor atmosphere.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Figure 4: The used rotary kiln system, with the residue storage marked in red.

Conducting the experiments

All experiments on the lab-scale equipment were conducted in July and August 2023. The
project was intended to produce one biochar sample per residue, totaling five biochar samples
from the lab-scale equipment. Before the test, each residue was tested for moisture content
by heating to 103 °C until mass constancy was reached. Table 7 compares the moisture
contents directly before the experiments and from residue analysis. It can be seen that all
samples except 1 and 10 showed no considerable difference in moisture. The differences for
samples 1 and 10 are explained in section 3.1.1.

Table 7: Moisture content of the residues selected for pyrolysis, measured before the experiment and during residue
analyses

Moisture Moisture determined by

Code Residue before testing residue analysis
inw/w % inw/w %

1 coffee husks 18.9 25.04

3 walnut shells 10.6 11.78

4 bran 10.9 10.70

5 compost screening 6.7 7.07

10 wood chips from broadleaf 9.0 29.89

forestry sites

Before each test, the reactor was flushed with several hundred liters of nitrogen. Afterwards,
the feeding screw was turned on and the experiment started. Table 8 shows the process
parameters set for each experiment.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Table 8: Process parameters set for each sample during lab-scale pyrolysis

Code | Residue Average Average Inclination | Speed of
nitrogen flow Temperature rotation
in L/min in °C in® inrpm

1 coffee husks 10.18 +9.40 507.23 £9.40 2 3

3 walnut shells 8.45+4,78 506.44 +9.45 1 2

4 bran 22.09 +9.89 504.09+10.07 | 1 2

5 compost screening 6.64 +£2.27 505.34 +11.84 3 6

10 |Weod  chips - from .04 619 505.1247.94 | 3 6

broadleaf forestry sites

Nitrogen flow was adapted according to the pressure behavior in the reactor. The
temperature in the reactor was aimed at 500 °C. However, due to intrinsic fluctuations of the
heating elements and the process of pyrolysis being a dynamic one, deviations were
inevitable. As the maximum temperature has a great impact on biochar properties,
temperature fluctuations should be as little as possible. Thus, for all the experiments, a
maximum temperature fluctuation of 500+20°C was achieved.

Complications during the process

The goal in the project was to produce one sample of biochar for each selected residue at lab-
scale. For pyrolysis, this goal was reached, and the five required biochar samples were
produced. However, the process did not always run smoothly, and some issues could be
observed. The first issue observed was reserved to the wheat bran. Due to the pyrolytic
behavior of the bran, it could not traverse the hot reactor zone. As seen in Figure 5, the bran
got stuck at the beginning of the hot reactor zone, where the pyrolysis starts. It is not entirely
clear what caused this accumulation, but it was assumed that a combination of residue type
and form is the primary cause. Only a small amount of biochar was exiting the reactor during
the process, so after some time it was stopped. After the experiment, the reactor was opened
at the biochar exit and the biochar accumulation was recovered mechanically.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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Figure 5: A picture of the reactor inside, taken from the exit of the drum. It represents the beginning of the heated reactor
zone, where clearly visible the bran biochar accumulated

The second issue was observed for all experiments and was related to the reactor setup. Figure
6 shows a detailed drawing of the used reactor, and where the reaction happens. Based on
how the plant was operated, it was planned to remove the produced syngas through a hollow
pipe inserted into the hot zone of the reactor (marked in orange). A constant flow of nitrogen
should ensure that the syngas leaves the reactor in the hot zone and does not spread to the
cool zones. However, it turned out that the concept did not work as intended. For one, the
gas outlet in the reactor got plugged with biochar particles (Figure 7A) and secondly, the
nitrogen flow was not able to contain the syngas in the hot reactor zone. This led to syngas
condensing in the cool reactor zones, which resulted in black tar deposits in these areas, as
can be seen in Figure 7B. Two intuitive solutions come to mind: 1. Improve the gas outlet, so
it is less prone to being plugged, 2. Increase the temperature at the cool zones of the reactor,
so no condensation happens. While both options will be considered in the future, it was
unfortunately not possible to implement them during the project, as both require
considerable engineering and validation efforts.
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Figure 6: A detailed drawing of the lab-scale pyrolysis reactor. Marked in red is the hot zone of the reactor, marked in blue
are the cool zones and marked in orange is the gas exit.
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Figure 7: A) Picture of the gas outlet located in the hot reactor core. It can be clearly seen that the exit for the syngas is
blocked by biochar particles. B) Exemplary picture of the tar deposition issue, located at the feeding screw
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A third, but less critical issue was the occurrence of residue size related blockades of the
feeding system. These mainly occurred for residues 5 and 10 and while they could always be
resolved, for future experiments it is recommended to use smaller particle sizes to ensure a
smooth operation. The final results of the lab scale pyrolysis are shown in Table 9.

Table 9: Results of the lab scale pyrolysis experiments. *including maintenance breaks

Code | Residue Moisture biochar | Yield Total time of

experiment*

in w/w% inw/w % gb. | in hh:mm:ss
1 coffee husks 12,3 27,8 03:37:27
3 walnut shells 12,8 28,8 05:35:37
4 bran 4,7 22,2 06:03:09
5 compost screening 8,3 41,6 01:37:00
10 wood chips from broadleaf 57 30,6 05:10:55

forestry sites

3.1.3 Pilot-scale Pyrolysis
The experimental setup
The pilot-scale pyrolysis test was conducted using a dual auger pyrolysis plant made by REW
Regenis. The plant is installed at our research facility in Wieselburg, Austria and has a nominal
capacity of 20 kg/h biochar output.
The pyrolysis plant consists of the following functional component groups:

e Biomass input system

e Pyrolysis reactor

e Pyrolysis gas burner

e Flue gas scrubber

e Biochar output system

The feed dosing system, which consists of a mixing hopper having a volume of 6 m3 and a
variable speed dosing screw, is installed in the technical center of BEST. It is mechanically
decoupled from the feeding screw and mounted on a scale which allows to measure the
biomass feeding rate continuously.

The pyrolysis reactor, gas burner and flue gas system are installed in a 40" high cube container
which is located outside, next to the technical center. The pyrolysis reactor consists of a 6 m
long double walled double screw allotherm reactor. On one side biomass enters the reactor
through the containers roof passing a double knife gate valve to prevent air passing into it. On
the other side biochar exits and pyrolysis gases are extracted.

The biochar leaves the reactor also via a double knife gate valve, to prevent oxygen
contamination of the pyrolysis zone. Then it is cooled by air in a double wall auger to ambient
temperature and transported to storage vessels.

The gases are cleaned by a cyclone before they enter the gas burner. All parts of the gas
section are heated to prevent tar condensation inside the pipes. The gas burner is specially
designed for operation with pyrolysis gases, the gas mixed with preheated air and burned with
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low emissions. A lambda probe continuously checks the excess air ratio and varies air flow
rate. The combustion chamber is equipped with an additional liquid gas burner to heat it up
to the working temperature.

The reactor is countercurrent heated by flue gases. Directly after the burning chamber the hot
flue gases are diluted with cold air to the desired temperature for the pyrolysis process in the
range of 300 to 800 °C and then the gases stream through the outer shelf of the reactors
double wall. Two additional air injection points are also available to set the temperature along
the reaction chamber to predefined temperatures.

Afterwards the flue gases are guided to the flue gas scrubber, where the gas is quenched and
cleaned using water. Heat for additional purposes can be extracted from this water circuit or
the temperature of this cycle is controlled using an external dry cooler.

The pyrolysis plant operates automatically, only the biochar hopper has to be emptied
manually.

ke ST 7
Figure 8: left: Pilot Scale pyrolysis plant from outside; right: pyrolysis plant inside container, pyrolysis reactor on left and gas
burner on right side

Conducting the experiments

A pyrolysis experiment on pilot plant with sample 3 was performed over 5 days in the first half
of September 2023. Continuous operation of the plant was not possible because of multiple
problems associated with the level sensor on the end of the pyrolysis reactor. Mostly the fault
stopped operation after 6 hours, thus measurement was split into multiple parts.

The pyrolysis parameters were similar to the tests performed with the lab-scale plant. Because
of countercurrent heating the temperature inside the reactor is not constant. So, section 1 of
the plant, which is the region near the biochar exit, has the highest temperature. The material
temperature of pyrolysis in this section reached approximately 530 °C. It was almost stable
during the test. Temperature in the other zones of the reactor still increased during tests, but
this does not influence the quality of the pyrolysis product.
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Figure 9: Course of temperature and air gas streams during pyrolysis test with walnut shells

The average residence time of the material inside the pyrolysis reactor was around 21
minutes, the average feed input rate was set to 49.5 kg/h.

An amount of 1221 kg of walnut shells, having a water content of 10.5 % was pyrolyzed during
these tests and 249 kg of dry biochar were collected. Referring to dry input material, a biochar
yield of 22.8 % was achieved.

3.2 Gasification

3.2.1 Sample Pretreatment

Chipping and sieving

The collected residues were separately chipped and were then sorted, using a test sieving
machine with meshes of aperture sizes 8 and 3.15 mm, and the bottom plate. Some of the
samples were dried at 105 °C in an oven for approximately 10 hours to have moisture levels
in the 4-14% range that is suitable for gasification. The chipping machine used was the Tritone
Maxi model manufactured by Ceccato Olindo s.r.l. (Figure: 10).
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Figure: 10 Chipping machine (Tritone Maxi by Ceccato Figure 11: Test sieve machine (Titan 450 by Endecotts Ltd.)
Olindo s.r.l.)

Depending on the particle size, some of the collected samples were initially chipped using the
chipping machine. The chipped output was then collected and sorted according to different
size fractions using the Titan 450 test sieve machine manufactured by Endecotts Ltd. (Figure
11). The material collected on the sieve with mesh size 3.15 mm and the bottom plate was the
usable material while that collected on the sieve of 8 mm aperture had to be re-chipped. In
some cases, with very high fine dust-like particles, the material collected on the bottom plate
had to be completely discarded as they would cause tight packing of the gasifier bed
obstructing the flow of air through the reactor. Furthermore, a size index was assigned
depending on visual inspection of the bulk of the particles: index 1 was assigned to residues
with particle size lower than 1 cm, index 2 to residues with particle size between 1 and 3 cm,
and index 3 to residues with particle size higher than 3 cm. Table 10 shows the pretreatment
done for each of the residues in order of decreasing particle size:

Table 10: Pretreatment of the used residues

Code Residue Drying | Chipping | Sieving | Size index
7 wood affected by bark beetles No No Yes 3
2 river woody debris Yes No Yes 3
8 chestnut wood without tanins Yes No Yes 2
9 vine prunings No Yes Yes 1
6 spelt husks No No Yes 1

3.2.2 Llab-scale Gasification

The experimental setup

The experiments on a lab-scale gasifier were conducted on a reverse updraft batch reactor at
the Free University of Bozen-Bolzano, Italy. Figure 12 and Figure 13 show a schematic of the
lab-scale set up and pictures during its operation, respectively. It includes a vertically installed
reactor with a gas burner at the top end. It is mounted on a digital weighing scale; thus, the
mass changes can be continuously monitored. In this reactor configuration, the flame
propagates downward (opposite to the direction of air flow) as biomass is consumed. The
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resulting producer gas flows upward through the drying, pyrolysis, and reduction zones,
characterized by low tar content. The gas is drawn from the reactor and passed through a gas
cleaning unit and then dried before being analyzed using a micro gas chromatograph (uLGC
490, Agilent Technologies). Key components measured include CO, CO;, Hz, CH4, and Na.
However, in the present study the focus is on the biochar output from the reactor.

Pl - pressureindicator gas
FI - fluxindicator burner
PR - pressure regulator
MFC - mass flow controller
Tl - temperature internal
TE -temperature external

Gas cleaning unit

biomass

Figure 13: Lab-scale gasifier — mounted on weighing scale (L), during operation (R)

The reactor comprises a cylindrical stainless-steel vessel, measuring 60 mm in diameter and
1300 mm in length. To minimize heat losses, thermal insulation is provided by a layer of glass
wool with aluminum cladding. The residue is loaded from the upper part of the reactor and is
retained by a distributor plate grate positioned 100 mm above the bottom. Each charge
establishes a biomass bed at approximately 960 mm height. In this study, air serves as the
gasification agent and is introduced from the bottom using two electronic mass flow
controllers to control and maintain selected flow rates.
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The experimental setup records biomass mass variation and air's mass flow rates. The
experimental progress is marked by the propagation of the flaming pyrolysis zone across the
reactor, consuming biomass and producing biochar, measured by the temperatures at the
various thermocouples installed along its length. The unique feature of this configuration lies
in placing the reactor on a digital weighing scale, allowing real-time monitoring of biomass
mass loss during each test. This innovative setup takes advantage of downdraft gasifier
benefits, particularly the cracking of tars on the biochar bed.

Experimental findings

The experiments were conducted on the lab-scale setup to assess biochar production and its
characteristics. All the five residues mentioned above, Wood affected by bark beetles (BW),
river woody debris (RW), chestnut wood without tannins (CN), vine prunings (VP), and spelt
husks (SH), were tested under operating conditions that allowed a biochar yield of about 20%.
The temperatures and the biochar yields were analyzed as a function of residue diameter and
moisture. From the experiments, it was observed that particle size, indicated by the size index,
and the maximum temperatures attained during the test, play an important role in the
gasification process. Moreover, the moisture content of the residue also influences the overall
biochar yield. The results are reported in the Table 11.

Table 11: The moisture content and maximum temperature attained for the various residue and the biochar yield

Code Residue Moisture content | Tmax | Biochar yield
inw/w % in°C | inw/w % wp.

7 Wood affected by bark beetles - BW 4.38 550 21.5

8 Chestnut wood without tanins - CN 10.53 639 20.1

9 Vine prunings - VP 13.01 760 18.3

6 Spelt husks - SH 8.86 775 18.7

2 River woody debris - RW 7.46 502 224

The mass fraction of the biochar produced, or biochar yield, has a strong positive correlation
with the size index of the residue and a negative correlation with the maximum temperature
of the process (Figure 14.a and b). It was found to have a generally negative correlation with
the moisture content of the residue (Figure 14.c). The biochar yield in all samples was in the
range of 18-23% on a wet basis (w.b.). The maximum temperatures in all experiments were in
the range of 500-800 °C, with the smaller size index samples (VP and SH) reaching the highest
temperatures (Table 11). At temperatures higher than 650 °C, biochar is thermally stable and
becomes more hydrophobic (Ghani et al., 2013). However, the mass fraction of biochar yield
was low in these cases, with an average yield below 19%.
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Figure 14: Mass fraction of biochar (%) as a function of: (a) Size index, (b) Maximum temperature, (c) Moisture content.

Further, the interaction effects between the moisture content and the maximum
temperatures obtained for the different residues are shown in Figure 15.a. As the moisture
content in the residue increases the maximum temperature that can be achieved also
increases (Table 11). The moisture content for all the residues were below 11% except in the
case of VP, which was about 13%. As mentioned, VP, along with SH, were the two residues
that yielded the lowest relative amount of biochar, while those with low moisture content
(BW and RW) yielded the highest biochar content (over 21%). It is also worth noting that the
larger-size particle residues were drier than the small-size index residues (Figure 15.b). The
high temperatures achieved in the smaller size index residues (Figure 15.c) could be possibly
due to the faster burnout of the smaller particles when compared to those with larger size
indexes.
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Figure 15: Interaction effects between residue moisture content (a), particle size (b), and maximum temperatures (c)

achieved during gasification.
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Table 12: Producer gas composition of the experiments conducted on the lab-scale gasifier.

Residue H,in % COin% COin% N2 in % CHszin% | CiHsin%
Wood affected by | 4 g0, 19 | 13.9140.40 | 19.34+1.15 | 62.16+1.24 | 2.35£0.26 | 0.25£0.02
bark beetles - BW
R'Verw":“j\}’ debris - | 1 99+0.43 | 11.67+1.04 | 18.98+4.96 | 65.20+4.76 | 1.88+0.38 | 0.20£0.03
Chestnut wood
. . 2.16+0.17 | 13.98+0.66 | 16.90+0.26 | 65.02+0.97 | 1.78+0.17 | 0.16+0.01
without tanins - CN
Vine prunings - VP | 9.46+0.30 | 11.13#0.33 | 19.58+0.72 | 57.07+0.88 | 2.53+0.08 | 0.23+0.03
Spelt husks - SH | 4.13+0.17 | 20.650.74 | 11.41+1.40 | 61.25+0.49 | 2.39+0.14 | 0.18+0.02
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Regarding the gas composition (Table 12), it was observed that the high temperatures of VP
and SH lead to high fractions of H, (9.5%) and CO (20.6%) respectively. These values are
comparable to values in syngas obtained from air gasification of biomass (Couto et al., 2013;
Maschio et al., 1994). For all the other residues, H, was in the range 1.9% - 2.2% while CO was
in the range 11.7% - 14.0%.

Mass and energy balance

As previously mentioned, the biomass consumption rate is measured using the digital
weighing scale while the gasifying agent (air) is supplied in a controlled manner and at a known
rate using mass flow controllers. The mass balances of the different runs were calculated using
the following formula:

Mpiomass + Myir = Mchar + (mPG_dry + mcondensate)
where 1ip;mass is the mass flow rate of the biomass fed to the reactor, mg;, is the mass
flow rate of the air supplied to the system, m 4, is the mass flow rate of the biochar
produced during the test, fnpc_dry is the mass flow rate of dry producer gas (PG) and
M ondensate 1S the mass flow rate of the condensate exiting the reactor. The results are
tabulated in Table 13.

Table 13: Mass balances of the experiments conducted on the lab-scale gasifier

Input Output
Code Residue Biomass w.b. Air Biochar 4. | PG 4.b. + Condensate
in kg/h in kg/h in kg/h in kg/h
7 wood affected by
1.20 0.73 0.26 1.67
bark beetles - BW
8 Chestnut wood 1.02 0.79 0.20 1.60
without tanins - CN
9 vine prunings - VP 0.96 0.98 0.18 1.77
6 spelt husks - SH 0.65 0.81 0.12 1.34
2 river woody debris -
1.13 0.69 0.25 1.57
RW

Similarly, the energy balance of the system was computed using the formula:

Ebiomass = Echar + (EPGdry + Econdensate + Elosses)
where Ep;omass is the energy associated with the biomass flowing into the reactor, E ;g is
the energy associated with the flow rate of biochar produced during the test, EPG_dry is the
energy associated with the flow rate of dry PG, E ongensate iS the energy associated with the
condensate exiting the reactor, and Ej s is the energy lost from the gasifier during
operation. Results are shown in Table 14.
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Table 14: Energy balances of the experiments conducted on the lab-scale gasifier considering 1h of continuous operation.
Input Output
Code Residue Biomassd.b. | Biochargp. | PGa.b. + Condensate + Losses
in kWh in kWh in kWh
7 wood affected by bark
beetles - BW 6.12 2.15 3.96
8 chestnut wood without
tanins - CN 4.69 1.71 2.98
9 vine prunings - VP 4.25 1.42 2.83
6 spelt husks - SH 2.77 0.67 2.10
2 river woody debris - RW 5.20 1.95 3.25

3.2.3 Pilot-scale Gasification

Experimental setup

The experiments were conducted on the pilot-scale gasification system, the schematic of
which is shown in Figure 16 and a picture in Figure 17. It comprises a feedstock loading tank
in which biomass of appropriate particle size is loaded. This residue is then loaded into the
reactor from the bottom, in a controlled manner, using a vertical loading system. The reactor
furnace is equipped with thermocouples, at various points along its length, to monitor the
temperatures during operation. The temperatures indicate the position and the propagation
of the combustion zone in the reactor. The gasifying agent, air in this case, is also supplied
through a nozzle at the lower portion of the reactor and flows upwards, thus making it of co-
current configuration. Both the producer gas and the biochar exit from the top of the reactor.
A small fraction of the producer gas is sent to a micro gas chromatograph (LGC 490, Agilent
Technologies) to quantify the gas components, and the remainder is burned in a flare to
prevent the escape of any harmful gases. The biochar is collected in a biochar tank and its
mass can continuously be monitored.

Hood

Temperature
probes

=

L || Agent

Furnace
Feedstock ——

loading tank Process reactor

Vertical loading system

Scale

Figure 16: Schematic of pilot scale gasification system Figure 17: Pilot scale gasification setup
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Experimental findings

The BW residue was chosen for pilot-scale tests. Six tests were conducted over six different
days. The first two tests of duration approximately four hours each, were conducted as
preliminary tests to ensure the correct operation of the system. The final four tests were all
conducted at a constant airflow rate of 21 NLPM. The details are tabulated in Table 15: Pilot-
scale gasification tests on wood affected by bark beetles (BW). The average biochar yield [d.b.]
of the four main experimental runs during steady-state operation was 19.0+0.6 %.

Table 15: Pilot-scale gasification tests on wood affected by bark beetles (BW)

Preliminary tests Main tests
Test-1 Test -2 Test-3 Test-4 Test-5 | Test-6

Residue moisture | g, 9.14 9.14 8.77 9.12 9.46

inw/w %
Test durationin h
Warm-up time 0.69 1.07 0.60 0.70 0.75 0.66
Steady-state 3.13 3.15 3.90 5.73 522 | 517
time
Total time 3.82 4.22 4.50 6.43 5.97 5.83
Biomass consumed in kg

Warm-up 0.5 0.5 0.5 0.5 0.5 0.5

Steady-state 5.5 8.5 8.1 11.8 10.8 10.4

Total 6.0 9.0 8.6 12.3 11.3 10.9

Biomass flow rate in kg/h
Steady-state 1.91 2.86 2.08 2.06 2.07 2.01
Total 1.44 2.02 1.91 1.91 1.89 1.87
Biochar yieldq.s. in kg
Total 1 1 1.6 2.3 2 1.9
Biochar yield in %
Steady-state 16.7 11.1 19.8 19.5 18.5 18.3
Total 18.2 11.8 18.6 18.7 17.7 17.4

The gas compositions obtained during the four main tests are reported in Table 16. The
results obtained proved the good repeatability of the tests.

Table 16: Average gas composition of the four main tests
Experiment H N CH, co CcO; C.Hs
Test-3 13.7+3.2 47.9%3.6 3.620.6 16.4+1.4 | 18.1+1.0 | 0.31+0.05
Test—-4 14.8+2.0 47.3%1.8 3.710.3 16.2+0.4 | 17.7+0.4 | 0.29+0.02
Test-5 12.7+¥1.4 50.0+1.2 3.51#0.1 15.9+0.4 | 17.7+#0.5 | 0.28+0.01
Test-6 12.5+1.7 50.2+1.6 3.6%0.2 15.7+0.5 | 17.9+0.4 | 0.29+0.01
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A clear difference is evident in the gas composition of the pilot-scale tests when compared to
that of the lab-scale, especially for the major combustible components H, and CO. The average
H, content was about seven times higher in the case of the pilot-scale tests, and CO was about
2% higher. On the other hand, the average N, concentration was about 13% lower in the pilot-
scale tests as compared to the lab-scale test on BW.

Moreover, the effect of temperature on the overall biochar yield is evident (see Table 11). In
the case of Test — 3 and Test — 4 the average temperatures are higher at the middle region of
the reactor, and lower at the top, when compared to Test — 5 and Test — 6, indicating a hotter
biochar bed located more towards the mid-section. In such an operation, the biochar yield
was found to be higher, and so were the combustible components H, and CO in the PG. This
could possibly be due to a larger reduction zone at the top of the reactor near the gas exit.

Table 17: Average temperatures recorded at various points along the pilot-scale reactor shown in Figure 18.

Experiment | Biomass IN Bottom Middle Top Ext-Mid Ext-Top Gas OUT
Test-3 27.612.8 49.9+24.0 | 125.9+47.0 | 264.2+49.0 | 162.5£55.4 | 358.0+54.5 | 165.6+28.8
Test-4 22.9+1.0 37.6%3.1 | 109.0+24.4 | 287.2+50.3 | 138.3+23.1 | 400.0+28.7 | 179.6+23.5
Test-5 23.7+1.6 35.5£2.0 | 98.8+17.0 | 323.9+34.1 | 133.9+17.0 | 441.9+34.2 | 195.7+18.4
Test-6 24.7+2.1 39.6+10.6 | 93.5+14.1 | 305.2+47.9 | 136.0+20.8 | 442.4+50.3 | 192.4+27.8

Figure 18: Locations of the various temperature measurement points along the reactor

Mass and energy balance

The mass and energy balances were performed using the same equations as for the lab-scale
plant. The mass balances for all tests are provided in Table 18. The energy balances for one
preliminary and one experimental test are provided in Table 19. As the air injected is
increased, the biomass consumption rate also increases. This is expected as the higher air
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inflow would cause faster particle burnout in the reactor bed. However, it was observed that
even with the higher flow rate, there were differences in the biochar yield fraction for the four
different runs. The maximum biochar yield [d.b] of 19.8% was recorded at a biomass flow rate
of 2.08 kg/h and an air flow rate of 1.48 kg/h.

Table 18: Mass balances of the experiments conducted on the pilot-scale gasifier.

Input Output
Experiment Biomass w.b. Air Biochar g.b. PGg.p. + Condensate
in kg/h in kg/h in kg/h in kg/h
Test-1 1.91 1.41 0.32 3.01
Test—-5 2.07 1.49 0.38 3.18

Table 19: Energy balances of the experiments conducted on the pilot-scale gasifier considering 1h of continuous operation.

Input Output
Experiment Biomass d.o. Biochar g.p. PGg.p. + Condensate + Losses
in kWh in kWh in kWh
Test—-1 10.28 2.65 7.62
Test—-5 11.14 3.22 7.92
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4 Biochar Characterization

4.1 Results and Discussion

The biochar samples were characterized at the National Institute of Chemistry (NIC), at Free
University of Bozen-Bolzano (unibz — Bioenergy and Biofuels Laboratories) and at the Water &
Life Lab srl. The list of samples is presented in Table 20.

Biochar characterizations performed at Water & Life Lab srl were elemental composition,
other biochar properties (e.g. water holding capacity), PAH and PCB & PCDD/PCDF.

Biochar characterizations performed at unibz were: elemental analyses (C, H, N, S), moisture
and ash content. Moreover, the higher heating value was calculated according to the Milne’s
formula. Biochar characterizations performed at NIC were: X-ray Powder Diffraction (XRD),
Thermogravimetry (TG), pH measurements, Scanning Electron Microscopy (SEM) and ATR-
FTIR spectroscopy.

Table 20: List of the biochar samples. BC stands for biochar; PL stands for pyrolysis labscale; GL stands for gasification
labscale; PP stands for pyrolysis pilotscale; GP stands for gasification pilotscale;

Biochar Code | Residue ReSIdu? . Production
abbreviation | process
1.BC.PL | coffee husks pyrolysis - lab
2.BC.GL | River woody debris RW gasification - lab
3.BC.PL | walnut shells pyrolysis - lab
4.BC.PL | bran pyrolysis - lab
5.BC.PL | Compost screenings pyrolysis - lab
6.BC.GL | spelt husks SH gasification - lab
7.BC.GL | wood affected by bark beetles gasification - lab
8.BC.GL | Chestnut wood without tannins CN gasification - lab
9.BC.GL | Vine prunings VP gasification - lab
10.BC.PL | wood chips from broadleaf forestry sites pyrolysis - lab
7.BC.GP | wood affected by bark beetles BW gasification - pilot
3.BC.PP | walnut shells pyrolysis - pilot

4.1.1 Basic Characterization

The Results from the basic characterization done by unibz are shown in Table 21. The ash
content varied considerably between the samples with the maximum ash content being 39.68
w/W % 4p. in sample 6.BC.GL and the minimum ash content being 1.17 w/w % 4. in sample
8.BC.GL. The average ash content for the pyrolysis samples was 15.06+10.97 and for the
gasification samples 11.13+13.50 w/w % 4. The carbon content had its maximum value in
sample 7.BC.GP with 87.21 w/w % 4. and its minimum value in sample 5.BC.PL with 49.02
w/wW% 4. The average carbon content for the pyrolysis samples was 69.13+12.39 and for the
gasification samples 78.25+9.96 w/w % 4b.. The hydrogen content had its maximum value in
sample 1.BC.PL with 3.31 w/w % 4. and its minimum value in sample 6.BC.GL with 0.89 w/w
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% d.b.. The average hydrogen content for the pyrolysis samples was 2.69+£0.54 and for the
gasification samples 2.07+0.92 w/w % 4... The nitrogen content had its maximum value in
sample 4.BC.PL with 3.92 w/w % 4. and its minimum value in sample 7.BC.GL with 0.41 w/w
% d.b.. The average nitrogen content for the pyrolysis samples was 2.13+£1.25 and for the
gasification samples 0.62+0.26 w/w % 4. The sulfur content had its maximum in sample
1.BC.PL with 0.55 w/w % 4. and its minimum value in samples 6.BC.GL, 7.BC.GL and 8.GC.GL
with 0.09 w/w % 4.. The average sulfur content for the pyrolysis samples was 0.34+0.10 and
for the gasification samples 0.14+0.08 w/w % 4... The oxygen content had its maximum value
in sample 2.BC.GL with 14.86 w/w % 4. and its minimum value in sample 9.BC.GL with 0.74
w/w % d.b. The average oxygen content for the pyrolysis sample was 10.11+2.49 and for the
gasification samples 7.80£5.23 w/w % 4... The higher heating value had its maximum value in
sample 3.BC.PP with 32.26 MJ/kg 4. and its minimum value in sample 5.BC.PL with 16.98
MJ/kg 4.b.. The average higher heating value for the pyrolysis samples was 25.4415.11 and for
the gasification samples 28.25+3.85 MJ/Kg db..

Table 21: The results from the analyses done by unibz

Biochar | Ash C | H | N S (0] HHVwiine | LHVwiine
Code W/W % gp. MJ/Kg ap.
6.BC.GL [39.68 57.16 0.89 0.45 0.09 1.73 19.81 19.62
7.BC.GL [2.76 81.72 3.25 0.41 0.09 11.77 30.67 29.96
9.BC.GL [14.75 81.51 1.55 1.16 0.29 0.74 29.41 29.07
8.BC.GL [1.17 84.97 2.32 0.44 0.09 11.02 30.65 30.15
2.BC.GL |4.25 76.92 3.19 0.69 0.10 14.86 28.52 27.83
4.BC.PL |23.79 62.19 1.96 3.92 0.29 7.85 22.04 21.61
5.BC.PL (33.14 49.02 1.98 2.23 0.35 13.29 16.98 16.55
10.BC.PL | 9.25 73.21 2.88 0.98 0.25 13.43 26.92 26.29
3.BC.PL |3.75 81.90 2.80 1.16 0.25 10.14 30.24 29.63
1.BC.PL |20.19 63.36 3.31 3.62 0.55 8.97 24.20 23.48
7.BC.GP |4.17 87.21 1.23 0.56 0.18 6.67 30.44 30.17
3.BC.PP |3.51 85.10 3.19 0.86 0.33 7.01 32.26 31.56

Looking at elemental content, it becomes clear that all of the samples seem suitable for
agricultural application from their major elemental composition. For agricultural application,
the EBC requires a molar H/Corg ratio of below 0.7 (for feed additive certification even <0.4).
Additionally, the O/Cor ratio needs to be <0.4. As can be seen in Table 22, all of the biochar
samples have a H/Cital <0.7 and in the case of the samples 6.BC.GL, 9.BC.GL, 8.GC.GL and
7.BC.GP even <0.4. The O/Ciotal ratio is below 0.4 for all samples. Although the EBC requires
Corg to be determined, which excludes Carbonates, for this project it was assumed that
Ctotal™Corg as biochar usually contains very little carbonates (Wang et al., 2014). Another
interesting aspect regarding potential application of the produced biochars are their high
heating values. With higher heating values averaging ~25 and ~28 MJ/kg 4.. for pyrolysis and
gasification respectively, they are near or above the required >27 MJ/kg 4.. to replace coke in
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steel production, according to Safarian (Safarian, 2023). Looking at individual samples, the
samples 7.BC.GL, 9.BC.GL, 8.BC.GL, 2.BC.GL, 3.BC.PL, 7.BC.GP and 3.BC.PP fulfill this
requirement. In addition to that, all of these samples except 9.BC.GL show ash values <10 w/w
% d4.b., Which is also a requirement for the application in certain steel making processes
according to Quicker an Weber (Quicker and Weber, 2016).

Table 22: H/C molar and O/C molar ratios for each sample

Sample Code |H/C molar 0/C molar
6.BC.GL 0.19 0.02
7.BC.GL 0.47 0.11
9.BC.GL 0.23 0.01
8.BC.GL 0.33 0.10
2.BC.GL 0.49 0.15
4.BC.PL 0.38 0.09
5.BC.PL 0.48 0.20
10.BC.PL 0.47 0.14
3.BC.PL 0.41 0.09
1.BC.PL 0.62 0.11
7.BC.GP 0.17 0.06
3.BC.PP 0.45 0.06

4.1.2 Elemental Composition

The elemental composition was determined by Water & Life lab according to the methods for
elemental composition 1ISO 54321:2021 Met B and EN 16170:2016. Results are presented in
Table 23. Arsenic was only detected in sample 5.BC.PL with a value of 1.8 mg/kg 4.,.. Cadmium
was only detected in sample 2.BC.GL with a value of 0.6 mg/kg 4.b.. Mercury was detected in
no sample. Thallium was detected in no sample. Vanadium was only detected in samples
5.BC.PL with 16.6 mg/kg 4.b. and sample 2.BC.GL with 3.2 mg/kg 4... Lead was only detected in
samples 2.BC.GL, 6.BC.GL, 8.BC.GL, 5.BC.PL and 10.BC.PL, with the highest amount being 10.2
mg/kg 4. in 5.BC.PL. Molybdenum was only detected in samples 6.BC.GL, 4.BC.PL, 5.BC.PL
and 10.BC.PL, with the highest amount being 5.9 mg/kg 4b. in 5.BC.PL. Chromium was
detected in every sample, with a maximum of 65.7 mg/kg 4b. in sample 2.BC.GL and a
minimum of 0.5 mg/kg 4. . in sample 7.BC.GL. The average chromium content for the pyrolysis
samples was 13.4+13.3 and for the gasification samples 20.3+22.0 mg/kg 4... Manganese was
found to be highest in sample 5.BC.PL with 349.6 mg/kg 4. and lowest in sample 3.BC.PP with
9.0 mg/kg 4... The average manganese content for the pyrolysis samples was 146.1+146.8 and
for the gasification samples 124.4+48.8 mg/kg 4... Nickel was found to be highest in sample
5.BC.PL with 22.7 mg/kg 4. and lowest in sample 7.BC.GL with <0.5 mg/kg 4.,.. The average
nickel content for the pyrolysis samples was 7.9+6.8 and for the gasification samples 6.0+3.4
mg/kg 4b.. Copper was found to be highest in the sample 1.BC.PL with 136.0 mg/kg 4. and
lowest in the sample 6.BC.GL with 2.2 mg/kg 4... The average copper content for the pyrolysis
samples was 37.9+45.2 and for the gasification samples 13.5+16.6 mg/kg 4.. Zinc was found
to be highest in the sample 4.BC.PL with 298.8 mg/kg 4.. and lowest in the sample 3.BC.PP

with 7.5 mg/kg 4... The average zinc content for the pyrolysis samples was 94.9+99.6 and for
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the gasification samples 49.3+34.5 mg/kg 4.. Phosphorous was found to be highest in the
sample 4.BC.PL with 49119.7 mg/kg 4.b. and lowest in the sample 8.BC.GL with 48.4 mg/kg 4....
The average phosphorous content for the pyrolysis samples was 9736.1+17654 and for the
gasification samples 1261.7+1608.4 mg/kg 4b.. Potassium was found to be highest in the
sample 1.BC.PL with 43193.7 mg/kg 4.b. and lowest in the sample 8.BC.GL with 81.4 mg/kg 4....
The average potassium content for the pyrolysis samples was 21913.0+14761.2 and for the
gasification samples 5901.7+7340.0 mg/kg d...

These often quite stark concentration differences between pyrolysis and gasification samples
are most likely not technology related, but rather feedstock based. These non-volatile
elements are present in different concentrations in the respective residues and are hardly
affected by the process(lppolito et al., 2020). From an agricultural standpoint most of the
chars are completely in line with even the lowest EBC-thresholds (EBC, 2023). Only samples
1.BC.PL and 4.BC.PL violate some of the thresholds. For sample 1.BC.PL the Copper content of
136.0 mg/kg 4. is way above the required <100 mg/kg 4. for the agricultural certificates.
According to the EBC, it may only be used as a basic resource. For sample 4.BC.PL the Zinc
content of 298.8 mg/kg 4b. is way above the required <200 mg/kg 4. for the organic
agriculture certificate. It may, however, still be suitable for regular agriculture. What can be a
great asset regarding agricultural application for some of the analysed samples is their high
nutrient content. As the most effective application of biochar in agriculture is in combination
with some fertilizing agent(Bai et al., 2020), the more nutrient the chars contain on
themselves, the less fertilizing agent will be necessary, assuming a high bioavailability of the
nutrients in the biochar. In that sense, samples like 4.BC.PL or 1.BC.PL are clearly preferred
over samples like 8.BC.GL or 2.BC.GL.
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Table 23: Elemental composition of the biochar gasification samples made river woody debris - 2.BC.GL; spelt husks - 6.BC.GL; wood affected by bark beetles - 7.BC.GL; chestnut wood without
tannins - 8.BC.GL; vine prunings - 9.BC.GL; wood affected by bark beetles - 7.BC.GP; and the biochar pyrolysis samples made from coffee husks - 1.BC.PL ; walnut shells - 3.BC.PL; bran 4.BC.PL;
Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells - 3.BC.PP WS; BC stands for biochar; PL stands for pyrolysis labscale; GL stands for gasification
labscale; PP stands for pyrolysis pilotscale; GP stands for gasification pilotscale;

2.BC.GL |6.BC.GL |7.BC.GL |8.BC.GL |9.BC.GL |7.BC.GP |1.BC.PL |3.BC.PL |[4.BC.PL |5.BC.PL |10.BC.PL |3.BC.PP
mg/kg ab. | Mmg/kgab. | mg/kgab. |mg/kgan. | mg/kgab. | mg/kgan. | mg/kgdab. | mg/kgan. | mg/kgab. | mg/kgab. | mg/kg d. mg/kg d.b.
Arsenic | < 1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.8 <1.0 <1.0
Cadmium | 0.6 <05 <05 <05 <05 <0.5 <05 <0.5 <0.5 <05 <0.5 <05
Total chromium | 65.7 16.4 0.5 2.0 11.3 25.9 8.7 6.3 114 42.8 6.4 4.8
Phosphorus | 587.1 2179.9 162.6 48.4 4464.4 127.5 1863.2 810.6 49 119.7 4 308.9 1782.6 5315
Manganese | 201.6 87.3 170.8 112.0 118.1 56.6 127.2 16.4 334.3 349.6 40.1 9.0
Mercury | < 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Molybdenum | < 0.5 0.7 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 5.1 5.9 0.7 <0.5
Nickel | 3.1 7.7 <05 21 5.5 11.6 6.0 3.9 8.2 22.7 3.8 2.9
Lead | 5.1 0.8 <0.5 0.7 <05 <0.5 <05 <05 <05 10.2 11 <0.5
Potassium | 1 010.9 7 299.6 2714.7 81.4 21511.8 2791.9 43 193.7 8810.4 37 190.5 27 388.8 8120.6 6774.1
Copper | 46.6 2.2 2.7 35 235 2.6 136.0 6.1 28.5 35.1 15.8 5.6
Thallium | < 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <1 <1 <1 <1 <1 <1
Vanadium | 3.2 <25 <25 <25 <25 <25 <25 <25 <25 16.6 <25 <25
Zinc | 68.9 20.5 48.7 8.5 113.2 36.1 44.5 10.4 298.8 118.2 90.0 7.5
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4.1.3 Other Biochar Properties

Table 24: Other properties of the biochar gasification samples made river woody debris - 2.BC.GL; spelt husks - 6.BC.GL; wood affected by bark beetles - 7.BC.GL,; chestnut wood without tannins -
8.BC.GL; vine prunings - 9.BC.GL; wood affected by bark beetles - 7.BC.GP; and the biochar pyrolysis samples made from coffee husks - 1.BC.PL ; walnut shells - 3.BC.PL; bran 4.BC.PL; Compost
screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells - 3.BC.PP WS; BC stands for biochar; PL stands for pyrolysis labscale; GL stands for gasification labscale; PP
stands for pyrolysis pilotscale; GP stands for gasification pilotscale;

2.BC.GL | 6.BC.GL | 7.BC.GL | 8.BC.GL | 9.BC.GL | 7.BC.GP | 1.BC.PL | 3.BC.PL | 4.BC.PL | 5.BC.PL | 10.BC.PL | 3.BC.PP
unit
Water holding capacity | g/g 4.8 6.0 5.3 3.9 34 2.6 3.8 1.9 2.9 2.2 24 2.0
Residual at 105°C | w/w % 99 98 98 98 97 100 89 87 96 91 92 99
moisture | w/w % 1 2 2 2 3 0 11 13 4 9 8 1
Cation exchange capacity with BaCl, | meq/100g | 25.0 18.8 25.2 16.2 19.0 20.3 24.5 13.9 16.3 24.3 23.6 17.6
Chlorides | mg/kg db. |43 354 34 13 219 34 1149 299 416 7 166 150 305

Results are presented in Table 24. The water holding capacity of the analysed samples ranged from 1.9 to 6.0, with the minimum being found in
3.BC.PL and the maximum being found in 6.BC.GL. The gasification samples seem to have a slightly higher water holding capacity than the pyrolysis
samples with an average of 4.3+1.2 vs 2.5+0.7 g/g. The moisture content was the highest in the sample 3.BC.PL with 13 w/w% and lowest in the
sample 7.BC.GP with 0 w/w%. The average for the pyrolysis samples was 8+4 and for the gasification samples 2+1 w/w%. The cation exchange
capacity was the highest in the sample 7.BC.GL with 25.2 meq/100 g and lowest in the sample 3.BC.PL with 13.9 meq/100 g. The average for the
pyrolysis samples was 20.0+4.2 and for the gasification samples 20.8+3.3 meq/100 g. These values are similar to reported ones in the literature and
higher as a standard soil sample (Lee et al., 2016) meaning that the chars could be used to improve the cation exchange capacity of certain soils.
However, as the cation exchange capacity depends on the used method to determine it, one has to be cautious when comparing data directly
(Munera-Echeverri et al., 2018). The chlorides had their highest concentration in the sample 5.BC.PL with 7166 mg/kg and their lowest in the sample
8.BC.GL with 13 mg/kg. The average for the pyrolysis samples was 1581+2518 and for the gasification samples 116+126 mg/kg. These differences
are most likely due to differences in feedstocks, as the feedstock determines the potential maximum concentration in the biochar (granted that no
contamination or willful addition happens). For example, the highest chloride value in sample 5.BC.PL, which refers to the compost screening surplus
residue, corresponds with the highest chlorine level in the residues (see Table 3). The used methods for determining the water holding capacity was
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EN I1SO 14238:2014 annex A; for determining the residual at 105°C were I1SO 14820-2:2016 and CEN/TS 17773:2022; for determining moisture
content were 1SO 14820-2:2016 and CEN/TS 17773:2022; for determining cation exchange capacity with BaCl2 were D.M. 13/09/99 GU n°248
21/10/1999 Met.Xlll.2 and DM 25/03/2002 GU 84 10/04/2002; and for chloride measurements CEN/TS 17758:2022;
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4.1.4 PAH Measurements

Table 25: Sum of PAH and individual PAH results of the biochar gasification samples made river woody debris - 2.BC.GL; spelt husks - 6.BC.GL; wood affected by bark beetles - 7.BC.GL; chestnut
wood without tannins - 8.BC.GL; vine prunings - 9.BC.GL; wood affected by bark beetles - 7.BC.GP; and the biochar pyrolysis samples made from coffee husks - 1.BC.PL ; walnut shells - 3.BC.PL; bran
4.BC.PL; Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells - 3.BC.PP WS; BC stands for biochar; PL stands for pyrolysis labscale; GL stands for
gasification labscale; PP stands for pyrolysis pilotscale; GP stands for gasification pilotscale

2.BC.GL|6.BC.GL|7.BC.GL|8.BC.GL |9.BC.GL|7.BC.GP|1.BC.PL|3.BC.PL|4.BC.PL|5.BC.PL|10.BC.PL|3.BC.PP

Acenaphthene | mg/kg d.b. <0.01 <0.01 <0.01 <0.01 <0.01 0.90 0.50 0.32 0.07 0.40 0.11 <0.01

Acenaphthylene mg/kg d.b. <0.01 <0.01 <0.01 <0.01 <0.01 2.61 0.12 0.06 0.02 0.09 0.08 <0.01
Anthracene | mg/kg d.. <0.01 <0.01 <0.01 <0.01 <0.01 0.29 0.51 1.03 0.37 0.45 0.37 0.03
Benzo(a)anthracene | mg/kg d.. <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.23 0.14 0.17 0.18 0.05 0.05
Benzo(a)pyrene mg/kg d.b. <0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.11 0.07 0.10 0.06 0.03 0.06
Benzo(b)fluoranthene | mg/kg d.. <0.01 <0.01 <0.01 <0.01 <0.01 0.06 0.04 0.04 0.06 0.05 0.02 0.11
Benzo(ghi)perylene | mg/kg .. <0.01 <0.01 <0.01 <0.01 <0.01 0.04 0.03 0.03 0.04 0.03 0.02 0.08
Benzo(k)fluoranthene | Mg/kg d.. <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 0.02 0.02 0.02 0.01 0.11
Chrysene | mg/kg a». <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.36 0.24 0.34 0.27 0.07 0.08
Dibenzo(a.h)anthracene | mg/kg a.. <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.03 0.02 0.03 0.02 0.01 0.07

Phenanthrene | mg/kg d.. 0.04 <0.01 0.06 <0.01 <0.01 2.62 4.20 3.62 1.25 2.51 1.22 <0.01

Fluoranthene | mg/kg d.. <0.01 <0.01 <0.01 <0.01 <0.01 0.52 0.54 0.50 0.40 0.71 0.21 <0.01

Fluorene | mg/kg d.. <0.01 <0.01 <0.01 <0.01 <0.01 1.44 1.95 231 0.46 1.52 0.79 <0.01
Indeno(1.2.3-cd)pyrene | Mg/kg d.b. <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.01 0.01 0.02 0.01 <0.01 0.07
Naphthalene | mg/kg d.». 0.11 0.22 0.19 0.10 <0.01 3.97 0.02 <0.01 0.13 0.03 0.01 0.51

Pyrene mg/kg d.o. <0.01 <0.01 <0.01 <0.01 <0.01 0.55 0.71 0.59 0.47 0.54 0.26 <0.01
Total E:s;zg:'im mg/kg a.b. 0.14 <001 |0.26 0.10 <001 [13.18 |9.55 9.09 4.08 6.98 3.30 1.17

Total EF(:S;AI;Z'IAa:Iic()kr)m\; mg/kg d.b. <0.01 <0.01 <0.01 <0.01 <0.01 0.3 0.9 0.6 0.8 0.6 0.2 0.6
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The biochars were analysed at Water & Life lab according to methods for PAH CEN/TS 16181:
2018. Results are presented in Table 25. Regarding the PAH-Content the EBC states that for
agricultural application the total sum of the 16 EPA-PAH must not be above 6+2.4 mg/kg 4..
and the total sum of the 8 EFSA-PAH must not be above 1.0 mg/kg 4..(EBC, 2022). Looking at
Table 25 it is clearly visible that the second condition from the EBC is fulfilled for every biochar
sample. The first condition on the total sum of 16 EPA-PAH is fulfilled for all samples except
1.BC.PL, 3-BC.PL and 7.BC.GP. These samples would not be suitable for agricultural
applications regarding their PAH content. In general, the average total sum of 16 EPA-PAH for
the pyrolysis samples was 5.7%3.1 and for the gasification samples 3.42+5.6 mg/kg 4... This is
probably in large part due to the differences in technologies used (take gasification for
example, there the pilot-biochar contains way more PAH than the lab-scale-chars), as the type
of reactor and the process conditions have great impact on PAH-content in biochars (although
feedstock related effects can also play a role) (Buss et al., 2016).

4.1.5 PCB &PCDD/PCDF Measurements

Water & Life lab performed the Polychlorinated biphenyls (PCB) analyses according to EPA
3550 C2007 + EPA 8270 E 2018. The results are presented in Table 26. There was no detectable
PCB concentration in either of the pilot chars to be found.

Table 26: PCB results of the biochar gasification pilotscale sample made of wood affected by bark beetles - 7.BC.GP and the
biochar pilotscale pyrolysis samples made from walnut shells - 3.BC.PP WS; BC stands for biochar; PP stands for pyrolysis
pilotscale; GP stands for gasification pilotscale;

7.BC.GP 3.BC.PP

PCB unit

PCB 28 (TriCB) mg/kg <0.01 <0.01
PCB 52 (TetraCB) mg/kg <0.01 <0.01
PCB 77 (TetraCB) mg/kg <0.01 <0.01
PCB 81 (TetraCB) mg/kg <0.01 <0.01
PCB 91 (TetraCB) mg/kg <0.01 <0.01
PCB 99 (PentaCB) mg/kg <0.01 <0.01
PCB 101 (PentaCB) mg/kg <0.01 <0.01
PCB 105 (PentaCB) mg/kg <0.01 <0.01
PCB 110 (PentaCB) mg/kg <0.01 <0.01
PCB 114 (PentaCB) mg/kg <0.01 <0.01
PCB 128+123 (PentaCB) mg/kg <0.01 <0.01
PCB 126 (PentaCB) mg/kg <0.01 <0.01
PCB 128 (HexaCB) mg/kg <0.01 <0.01
PCB 138 (HexaCB) mg/kg <0.01 <0.01
PCB 146 (HexaCB) mg/kg <0.01 <0.01
PCB 149 (HexaCB) mg/kg <0.01 <0.01
PCB 151 (HexaCB) mg/kg <0.01 <0.01
PCB 153 (HexaCB) mg/kg <0.01 <0.01
PCB 156 (HexaCB) mg/kg <0.01 <0.01
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PCB 157 (HexaCB) mg/kg <0.01 <0.01
PCB 167 (HexaCB) mg/kg <0.01 <0.01
PCB 169 (HexaCB) mg/kg <0.01 <0.01
PCB 170 (HeptaCB) mg/kg <0.01 <0.01
PCB 177 (HeptaCB) mg/kg <0.01 <0.01
PCB 180 (HeptaCB) mg/kg <0.01 <0.01
PCB 183 (HeptaCB) mg/kg <0.01 <0.01
PCB 187 (HeptaCB) mg/kg <0.01 <0.01
PCB 189 (HeptaCB) mg/kg <0.01 <0.01
PCB sums (D.Lgs. n. 121 del 03/09/2020) mg/kg < 0.01 | mg/kg <0.01 <0.01
PCB sums (Reg. CE 2019/1021 e s.m.i.) mg/kg <0.01 <0.01

Water & Life lab performed the Dioxin and furan analyses according to EPA 8280 B 2007. The
results are presented in Table 27. Except for 2.3.7.8 TCDF in the 7.BC.GP sample, none of the
analysed dioxin and furan pollutants were detected. The maximum of detectable PCDD/PCDFs
is with 0.0059 pg/kg way below the EBC threshold of 0.02 pg/kg. for the EBC-Agro certificates
(EBC, 2022). For the EBC-Feed category a threshold of <0.0005 is needed, thus requiring more

sensitive analytics.

Table 27: Dioxins and furans results of the biochar gasification pilotscale sample made of wood affected by bark beetles -
7.BC.GP and the biochar pilotscale pyrolysis samples made from walnut shells - 3.BC.PP WS; BC stands for biochar; PP stands

for pyrolysis pilotscale; GP stands for gasification pilotscale;

DIOXINS AND FURANS 7.BC.GP 3.BC.PP
PCDD: unit

2.3.7.8 TCDD ug/kg <0.0010 <0.0010
1.2.3.7.8 PCDD ug/kg < 0.0050 < 0.0050
1.2.3.4.7.8 HxCDD ug/kg < 0.0050 < 0.0050
1.2.3.7.8.9 HxCDD ug/kg < 0.0050 < 0.0050
1.2.3.6.7.8 HxCDD ug/kg < 0.0050 < 0.0050
1.2.3.4.6.7.8 HpCDD ug/kg < 0.0050 < 0.0050
OCDD ug/kg <0.0100 <0.0100
PCDF:

2.3.7.8 TCDF ug/kg 0.0021 <0.0010
2.3.4.7.8 PCDF ug/kg < 0.0050 <0.0050
1.2.3.7.8 PCDF ug/kg < 0.0050 < 0.0050
1.2.3.4.7.8 HxCDF ug/kg < 0.0050 < 0.0050
1.2.3.7.8.9 HxCDF ug/kg < 0.0050 <0.0050
1.2.3.6.7.8 HxCDF ug/kg < 0.0050 < 0.0050
2.3.4.6.7.8 HxCDF ug/kg < 0.0050 < 0.0050
1.2.3.4.6.7.8 HpCDF ug/kg < 0.0050 < 0.0050
1.2.3.4.7.8.9 HpCDF ug/kg < 0.0050 <0.0050
OCDF ug/kg <0.0100 <0.0100
Sum of PCDD/PCDF ug/kg 0.0059 0.0057
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4.1.6 X-ray Powder Diffraction (XRD)

The samples were analyzed using powder X-ray diffraction (XRD) using the PANalytical X'Pert
Pro instrument. The CuKal radiation source was used for the scanning from 10° to 80°.

The graphical representations of the results are presented below. The diffractograms are
displayed in two modes for samples from unibz and BEST. The results from the XRD analysis

are shown in Figure 19 to Figure 23 and Figure 25.

Intensity (a.u.)

2-theta (°)

2.BC.GL 6.BC.GL 7.BC.GL 8.BC.GL ——9BC.GL ——7.BC.GP

Figure 19: xrd1. Absolute comparison of XRD spectra of the biochar gasification samples made from river woody debris -
2.BC.GL; spelt husks - 6.BC.GL; wood affected by bark beetles - 7.BC.GL; chestnut wood without tannins - 8.BC.GL; vine

prunings - 9.BC.GL; wood affected by bark beetles - 7.BC.GP;

Two broad signals at 23° and 44° were observed relating to turbostratic carbon.

FYE | L A A N AL N
10 20 30 40 50 60 70 80
2-theta (°)
2.BC.GL 6.BC.GL 7.BC.GL 8.8C.GL =—9.BC.GL =———7.BC.GP

Figure 20: xrd2. Relative comparison of XRD stacked spectra of the biochar gasification samples made from river woody
debris - 2.BC.GL; spelt husks - 6.BC.GL; wood affected by bark beetles - 7.BC.GL,; chestnut wood without tannins - 8.BC.GL;

vine prunings - 9.BC.GL; wood affected by bark beetles - 7.BC.GP;
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In addition to the peak relating to the turbostratic carbon, we can observe several small peaks
at 29.4° which probably relates to some inorganic impurities, although we cannot observe this
signal from the same source (wood affected by bark beetles) and different treatments
(7.BC.GP and 7.BC.GL). The presence of ordered graphite is excluded since graphite (002)
reflection appears between 26° and 28° of 2 8 (Khan et al., 2019).

Intensity (a.u.)

10 20 30 10 50 60 70 80
2-theta ()
4 BC.PL 1.BC.PL 5.BC.PL 10.BC.PL =3 BC.PL =3 BC.PP

Figure 21: xrd3. Absolute comparison of XRD spectra of the biochar pyrolysis samples made from coffee husks - 1.BC.PL;
walnut shells - 3.BC.PL; bran 4.BC.PL; Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL;

walnut shells - 3.BC.PP WS;.

Similar than with the unibz samples we can clearly observe two broad signals at 23° and 44°
relating to turbostratic carbon.

10 20 30 40 50 60 70 80
2-theta (°)
4 BC.PL 1.BC.PL 5.BC.PL 10.BC.PL =3 BC.PL = 3 BC.PP

Figure 22: xrd 4. Relative comparison of XRD stacked spectra of the biochar pyrolysis samples made from coffee husks -
1.BC.PL; walnut shells - 3.BC.PL; bran 4.BC.PL; Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites -

10.BC.PL; walnut shells - 3.BC.PP WS;.

Again, in addition to the peak relating to the turbostratic carbon, several small peaks at 29.4°
(sample 10.BC.PL and 1.BC.PL) and at 30.9° (sample 10.BC.PL) were observed which probably
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relates to some inorganic impurities. When comparing the signal from the same source
(walnut shells) and different treatments (3.BC.PP and 3.BC.PL) we can observe that the
diffractograms are very similar, with no distinct difference showing high consistency during
scale up. Again, the mayor presence of ordered graphite is excluded since graphite (002)
reflection appears between 26° and 28° of 2 8 (Khan et al., 2019).

The diffractograms did not show large narrow crystalline peaks, which is typical for biochar
samples treated at low temperature (< 2000 °C). At higher temperatures a graphite structure
is produced with (main) (002) reflection at 26°-28° (Khan et al., 2019). Although the
temperature of graphitization could be lowered using inexpensive iron- or magnesium-based
catalyst to 1200 °C (Lower et al., 2023). XRD diffractogram of the graphite standard can be
found in Figure 23. We did not observe consistent presence of such signal in the biochar
samples. However, we observed the consistent signals at 23° and at 44° relating to turbostratic
carbon.

(002)
4000 4
------ Graphite
3000 4 JCPDS No. 00-012-0212
=
s
2 2000 -
0w
[ —
[
=
1000 -
A_‘ A_A o
0 v T ¥ T v T i T 4 T v
10 20 30 40 50 60 70

2-Theta (Degree)

Figure 23: The graphite(002) reflection can be observed between 26° and 28° (Khan et al., 2019).

In the course of calcining, carbon gradually combines to create a substance characterized by
a turbostratic structure, as depicted in Figure xrd6. In the subsequent process of
graphitization, the turbostratic carbon undergoes increased organization, ultimately
culminating in the formation of highly ordered, crystalline graphite (Lower et al., 2023). The
decline in CEC (cation exchange capacity) results from the elimination of surface functional
groups and the development of more organized structure. Multiple investigations have noted
that the cation exchange capacity of biochar diminishes as the pyrolysis temperature increases
(Tomczyk et al., 2020). Therefore, the balance between long term carbon sequestration
stability and certain functional parameters such nutrient capacity or other requirements for
specific application needs to be reached.
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Figure 24: The illustration of turbostratic and graphitic carbon

For comparison when increasing the pyrolysis temperature from 300 °C to 600 °C the cellulose
breaks down to form turbostratic carbon, as evidenced from decrease of (101) peaks relating
to cellulose. We can see that with temperature increase the (002) peaks narrow, meaning that
the structure is becoming more ordered (Pusceddu et al., 2017).

(002)

(101)
(101}

IN
) w/h \ (040) i
Y \
M (002} ot Vi

1 | L (100
M ¥ ' BCygq

e ol ‘““MWM‘“’"‘W
,,«AWE?OO
M \ i BCgyg

_WWWWM

Intensity (a.u.)

T L4 T Y T ¥ T T r T ¥ T 5 T

5 10 15 20 25 30 35 40 45 50
2 theta (°)

Figure 25: The XRD spectres of biochar samples prepared at different pyrolysis temperatures (300 °C. 400 °C. 500 °C and
600 °C) (Pusceddu et al., 2017).

A similar ratio of (002)-23° to (100)-44° peak height in the present case was observed. For
guantitative determination of crystallinity index, additional experiments would have to be
performed to obtain reliable values. Overall, we can confirm, based on diffractograms,
consistency with literature data and very high consistency between laboratory and pilot scale
experiments

417 Thermogravimetry (TG)

The thermogravimetric measurements were performed using the PerkinElmer EGA 4000
instrument and had three steps:

1. holding the sample at 40 °C for 1 minute.

2. heating from 40 °C to 700 °C with heating rate of 10 K/min and nitrogen gas (N)
volumetric flow rate of 50 ml/min and

3. holding the sample at 700 °C for 30 minutes.

The results of the second TG step are presented in the figures below (Figure 26 to Figure 29).
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Figure 26: Weight of the biochar gasification samples made from river woody debris - 2.BC.GL; spelt husks - 6.BC.GL; wood
affected by bark beetles - 7.BC.GL,; chestnut wood without tannins - 8.BC.GL, vine prunings - 9.BC.GL; wood affected by bark
beetles - 7.BC.GP - during TG measurements.
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Figure 27: Weight loss of the biochar gasification samples made from river woody debris - 2.BC.GL; spelt husks - 6.BC.GL; wood
affected by bark beetles - 7.BC.GL,; chestnut wood without tannins - 8.BC.GL, vine prunings - 9.BC.GL; wood affected by bark
beetles - 7.BC.GP - during TG measurements.
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Figure 28: Weight of the biochar pyrolysis samples made from coffee husks - 1.BC.PL; walnut shells - 3.BC.PL; bran 4.BC.PL;
Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells - 3.BC.PP WS. during TG
measurements.
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Figure 29: Weight loss of the biochar pyrolysis samples made from coffee husks - 1.BC.PL; walnut shells - 3.BC.PL; bran 4.BC.PL;
Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells - 3.BC.PP WS. during TG
measurements.

The TG results show that gasification produces more thermally stable biochar compared to
pyrolysis. Of course, the thermal stability of the biochar also varies with different input
biomass materials.

4.1.8 pH Measurements

The pH measurements for the Alps4GreenC-project were conducted with a Metrohm 781
pH/lon Meter. The method used was based on the method suggested in the European Biochar
Certificate (EBC) guidelines (EBC, 2022), meaning that 5 mL biochar sample was suspended in
25 mL 0.01 M CaCl; solution and shaken for one hour (200 rpm) (EBC, 2022), . Afterwards the
pH was measured by inserting the electrode directly into the sample suspension. The pH value
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was taken either after a steady pH was reached or after 15 minutes. Before the testing was
conducted, some preliminary tests were done. Comparing the method of choice with another
method from the literature, using deionized water (Singh et al., 2010). Although the EBC
method yielded slightly lower pH-values. the values in total did only differ to a small extent
(<0.5 pH units). Table 28 shows the results of the measurements.

Table 28: pH Values for the Alps4GreenC samples

Code Residue Production process pH T°C
2.BC.GL river woody debris gasfication - lab 7.796 22.6
6.BC.GL spelt husks gasification - lab 9.258 24

7.BC.GL wood affected by bark beetles | gasification - lab 7.601 23.1
8.BC.GL chestnut wood without tannins | gasification - lab 6.941 24.6
9.BC.GL vine prunings gasification - lab 8.789 24.5
7.BC.GP wood affected by bark beetles | gasification - pilot 8.599 25.1
4.BC.PL bran pyrolysis - lab 6.723 23.7
1.BC.PL coffee husks pyrolysis - lab 9.692 24.2
5.BC.PL compost screenings pyrolysis - lab 9.408 23.9
10.BC.PL wood chips from broadleaf 6.865 24.5

forestry sites pyrolysis - lab

3.BC.PL walnut shells pyrolysis - lab 6.149 25.1
3.BC.PP walnut shells pyrolysis - pilot 8.319 24.7

The pH-values of the analyzed biochars ranged from slightly acidic to moderately basic, with
the lowest determined pH being 6.149 for the lab-scale walnut shells (3.BC.PL) and the highest
being 9.692 for the coffee husks (1.BC.PL). Generally speaking, the pH of the biochars was in
the expected range, with literature reporting biochar pH values in the range of 6.0 and 11.5
or in some cases even lower or higher (Singh et al., 2017). Three out of four pH values <7 were
measured for biochars produced by pyrolysis, with the average pH being 8.164 for gasification
and 7.859 for pyrolysis. This is in contrast to the average biochar ash content of 11.1 for
gasification and 15.6 for pyrolysis, as a higher ash content usually gives a higher pH (Steiner et
al., 2016). This contrast reflects the condensation issue during pyrolysis, as the condensable
pyrolysis fraction often contains organic acids like acetic acid (Oasmaa et al., 2009). The
condensation issue visible through the difference in pH between the lab and pilot scale
biochars. While for the gasification samples the pH difference is 0.998, the pH difference
between pyrolysis lab- and pilot-scale is with 2.17 more than twice as high. However,
technology or feedstock specific differences cannot be ruled out completely as an explanation
for this observation, since both technology and feedstock related influences are unknown.

4,19 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was carried out with the HR-SEM Zeiss Supra 35 VP instrument.
The samples observed were the biochars produced from wood affected by bark beetles
(gasification) and walnut shells (pyrolysis) in labscale and pilotscale experiments 7.BC.GL &
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7.BC.GP (wood affected by bark beetles) and 3.BC.PL & 3.BC. PP (walnut shells). The pictures
of the SEM analysis are shown in Figure 30 to Figure 33.

100 pm EHT= 100KV Signal A=SE2 Mix Signal = 00000 Chamber = 8.13¢-004 Pa

WD = 53mm Aperture Size = 30.00 pm File Name = C7_wood_beatles_gaslab_01 tif ]“
SUPRA 35 VP Hational Institute OF Chemistry, Ljubljana  Operator: Prasnikar &, Date :7 Dec 2023 Mag= 300X

100 pm EHT= 100kV  Signal A= SE2 Mix Signal = 00000  Chamber = 2 996-004 Pa
|—| WD = 55mm Aperture Size = 30.00 pm  File Name = CP_wiood_beatles_gaspilot_02 tif
SUPRA 35 VP Hational Institute OF Chemistry, Ljubljana Opetator: Prasnikar &, Date ;7 Dec 2023 Mag= 300%

Figure 31: SEM image of biochar pilotscale gasification sample wood affected by bark beetles 7.BC.GP.
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Figure 32: SEM image of the biochar labscale pyrolysis sample walnut shells 3.BC.PL.

100 pm EHT= 100kV  Signal A=SE2 Mix Signal = 0.0000  Chamber = 1 266-004 Pa
|—| WD = 53mm Aperture Size = 3000 pm File Name = WSP_walnut_shells_pyropilot_02 tif
SUPRA 33 VP Hational Institute Of Chemistry, Ljubljana  Operator: Prasnikar A, Date :7 Dec 2023 Mag= 300X

Figure 33: SEM image of the biochar pilotscale pyrolysis sample walnut shells 3.BC.PP.

The surface structures observed with SEM seem to be similar between the laboratory and
the pilot scale biochar production methods while observing biochars from the same input

biomass materials. Therefore, the surface properties seem to be mostly affected by the
input material.
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4.1.10 ATR-FTIR spectroscopy
The biochar ATR FTIR characterizations were made with the PerkinEImer Spectrum Two
instrument, which measured in the mid-IR spectrum (4000 - 400 cm™) with 16 scans and

resolution of 4 cm™. The graphical representations of the results are presented below
(Figure 34 to Figure 37).
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Figure 34: ATR-FTIR spectra of the biochar gasification samples made from river woody debris - 2.BC.GL; spelt husks -

6.BC.GL; wood affected by bark beetles - 7.BC.GL; chestnut wood without tannins - 8.BC.GL; vine prunings - 9.BC.GL; wood
affected by bark beetles - 7.BC.GP.
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Figure 35: ATR-FTIR stacked spectra of the biochar gasification samples made from river woody debris - 2.BC.GL; spelt husks

- 6.BC.GL; wood affected by bark beetles - 7.BC.GL,; chestnut wood without tannins - 8.BC.GL; vine prunings - 9.BC.GL; wood
affected by bark beetles - 7.BC.GP.
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Figure 36: ATR-FTIR spectra of the biochar pyrolysis samples made from coffee husks - 1.BC.PL; walnut shells - 3.BC.PL; bran
4.BC.PL; Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells - 3.BC.PP WS.
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Figure 37: ATR-FTIR stacked spectra of the biochar pyrolysis samples made from coffee husks - 1.BC.PL; walnut shells -
3.BC.PL; bran 4.BC.PL; Compost screenings - 5.BC.PL; wood chips from broadleaf forestry sites - 10.BC.PL; walnut shells -
3.BC.PP WS.

List of the possible functional groups observed at the biochar samples:
e O-H stretching - carboxylic acid. 3500 - 2500 cm™. broad. intense
e O-H stretching - alcohol. 3300 cm™. broad. medium
e C-H stretching - aliphatic. 3000 - 2900 cm*. sharp. medium
e (=0 stretching - unsaturated carboxylic acid. ~ 1700 cm™. sharp. medium
e (C=C stretching - unsaturated. 1583 cm™. sharp. intense
e O-H bending. 1410 cm™. sharp. intense
e C-O stretching - primary alcohol. 1048 cm™. sharp. intense
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e C-H bending - trisubstituted aromatic. 900 - 700 cm*. intense
e C-H bending - disubstituted aromatic. ~ 800 cm™. intense
e C-H bending - monosubstituted aromatic. ~ 750 cm™. intense

The functional groups were identified with basic knowledge of the biochar materials and use
of the IR Spectrum Table & Chart. available at:
https://www.sigmaaldrich.com/SI/en/technical-documents/technical-article/analytical-
chemistry/photometry-and-reflectometry/ir-spectrum-table

The ATR FTIR results show significant difference between the sample 6.BC.GL and all of the
other gasified samples; The differences mainly occur in the region of wavenumbers from 1800
to 1000 cm™ (C=0 stretching. C=C stretching. O-H bending and C-O stretching). The reason for
this could be the fact that 6.BC.GL is not a wood-based material, while most of the other
gasified materials except 9.BC.GL are wood-based materials. The 9.BC.GL sample has a much
smaller peak at 1583 cm™ (C=C stretching), compared to the wood-based materials. If we
compare the 7.BC.GL and 7.BC.GP samples, they have similar FTIR spectra, but are not
identical e.g. 7.BC.GL has a more pronounced peak at 1583 cm™ (C=C stretching). The
pyrolyzed samples all produce similar FTIR spectra with the exception of sample 4.BC.PL.
which has a less intense peak at 1048 cm™ (C-O stretching). The FTIR spectra of the 3.BC.PL
and 3.BC.PP samples are almost identical, which means that pyrolysis on laboratory and pilot
scale produces similar biochar (from the same biomass residue). One relevant peak where the
3.BC.PL and 3.BC.PP samples differ is the broad band from about 2500-3500 cm™ present in
the 3.BC.PL and missing in the 3.BC.PP sample. Since this band usually relates to alcohol or
carboxylic acids functionalities, it would again reflect the condensation issue with the rotary
kiln, as condensable pyrolysis liquids often contain alcohols and organic acids (Oasmaa et al.,
2012). The same band is clearly visible for the 1.BC.PL sample and debatable for the 5.BC.PL
and 10.BC.PL samples.
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5 Library of 12 biochar samples - 01.1 Biochar pilots

A deep analysis of the industry and innovation stakeholders has been completed. The profiling
has successfully identified the category/main activity, contacts, and category-specific
information of the stakeholders. Information was gathered through surveys. Alps4GreenC has
successfully completed the development of an interactive map (accessible via
https://bit.ly/Alps4GreenC_Interactive_Map) aimed at categorizing economic activities
related to biomass residue supply chains across Europe. Utilizing a comprehensive
methodology, statistical data from Eurostat was meticulously employed to identify and weigh
relevant companies and economic activities. Stakeholders within the supply chain were duly
recognized, facilitating the classification of economic activities at national and regional levels.

The Library of 12 samples was added as an extension to the European lignocellulosic residues
mapping and can be accessed at https://lookerstudio.google.com/reporting/80049d83-4c8b-
42e8-a611-23470b28f24f/page/p kls693dsed . This enables access to all analysis results for
all 10 residues used and the 12 resulting biochars. In the listed tables (see Figure 38 to Figure
40) the most relevant data is represented but it is also possible to download all the analysis
results. Moreover, the Certificates for the ten Crowdsourcing participants as well as the
deliverable D1.3.1 can be downloaded.

Biomass characterization

Samgle D - BIOMASS_DESC PROCESS A fw-s dom) © - dom) H (w-% dm.) Hifw-% d.m.) O fw-% d.m.)
R_O01_F_CH cofiee husie: myroiysis 732 25,70 £10 2,50 36,50
F_OZ G AW river woody debris gassification 5] AT.ED B0 030 44,40
R_O3_PWS walnut shelks myrolysis 173 .00 5580 0,40 43,40
R_O4 F_ER aran yrolysis 708 44I0 40 2,50 2RED
ROSP.CS COMPOST soreenings myrolysis 1654 4200 520 1,60 33320
R_06 G SH spelr usks gassificanon 705 4340 580 0,40 43,30
RO7_G BW wood affecced by bark beetles gassification s 4540 610 o010 44.40
R_OB_G_CW chesnur wood withous annins gassification 05 =30 600 0,30 4470
RO GV wine prurings gassHication e 4540 (=1] 0,80 42,10
R_0_P_EW wood chips from broadicaf forestry sites myrolysis e 46,00 600 0,50 43,50

Figure 38: Biomass/ Residue characterisation of the 10 residues from crowdsourcing campagn

Biochar characterization

Sample D «  Afw-%dm) ClwSdm) Hw%dm) H{w-kdm) O(w%dm) Yiekd Cr(mgkgdm) Mnmgkgdm) Ti(mghkgdm) Vimghkgdm) PAHT (mgfkgdm.)
RO01FCH 20,19 &3 EE]] ] L 028 870 127,20 (=10} 0,00 5,55
R_OE_G AW 435 77 319 1 15 024 65,70 2m &0 oo 220 0,14
RS PWS 3583 B4 300 1 ] 023 B30 1640 DO 0.00 1238
04 F_ER =79 &2 196 ] 8 022 11,40 334,30 (=10} 0,00 4,08
ROS P LS =04 49 198 2 13 042 42,80 345,60 D.on 1650 6,98
R_06_G_5H 3868 57 o089 a 2 .21 16,40 87,30 o0 0.00 0,00
RO7_G_8W 370 85 1,80 1 8 023 25,80 170,80 (=10} 0,00 1544
ROE_GCW 117 8 232 ] 1 023 00 112,00 oo oo o,10
RGP 1475 82 155 1 1 021 11,30 118,10 oo oo 0,00
R_10_F_EW 935 73 288 1 13 031 640 40,10 (=10} 0,00 330

Far the production of ferilicers R (UC) 2021/2088 sets the il at & mgfg d.m. for PAH in biochar as CMC

Figure 39: Biochar characterization results of the 10 labscale samples
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6 Summary and Conclusion

In the course of the activity 1.3 Practical testing and pilot production of green carbon the
Deliverable 1.3.1 Alps4GreenC Testing and pilot production report is created.

This report presents the methodology used for 10 biomass residues analyses. That 10 residues
are selected for laboratory tests, 5 for gasification tests at unibz and 5 for pyrolysis tests at
BEST. Afterwards, tests at pilot scale are conducted for pyrolysis of 1 residue at BEST and for
gasification of 1 residue at unibz.

The produced biochars in lab and pilot tests are sent to NIC for analyses and evaluation of its
suitability for sustainable use in agriculture and steel industry. Further biochar analyses are
performed from the external laboratory Water & Life Lab (Italy) and the project partner unibz.
The produced biochars were analyzed for elemental analyses (C, H, N, S), moisture and ash
content. Moreover, the higher heating value was calculated according to the Milne’s formula.
The biochars were characterized with X-ray Powder Diffraction (XRD), Thermogravimetry (TG),
pH measurements, Scanning Electron Microscopy (SEM) and ATR-FTIR spectroscopy.

6.1 Application in Steel and Agriculture

As the application in steel industry often requires a low (<10-15 w/w%) ash content (Quicker
and Weber, 2016) the application of the ash-rich chars produced for the residues of bran,
compost screenings, spelt husks, coffee husks and vine prunings could face some issues in this
field. However, there might be some processes that are more resistant to higher ash contents.
And one could even try to remove some of the ash could be removed to improve the fuel
quality, as demonstrated in Mukhopadhyay et al. in 2022. On the other hand, the biochars low
in ash content also show high heating values and low S contents, which both are desirable
properties in steel industry. All in all, it can be said that some of the produced chars might face
considerable issues for their application in steel industry due to their high ash and low energy
content. While other biochars, mainly produced from woody biomass, do show more
advantageous properties in that regard.

The application of biochar in agriculture either as a soil amendment or a feed additive is a
promising option for all of the produced biochars. Whether it is due to the low pollutant
concentration or due to the high content of nutrient elements — None of the chars are
excluded in principle from agricultural application. Some, however, would face some issues
with their heavy metal content, which could be overcome with a little bit of troubleshooting.
One could either change the process parameters to get a higher yield in solids and thus a lower
concentration in heavy metals or add some residue with little heavy metals before the process
to dilute the resulting biochar. In the case of the coffee husks, one reason for the elevated
concentrations could also be due to seasonal variations or differences in varieties of coffee.
For future experiments in the lab scale pyrolysis and pilot scale gasification a change in process
conditions and/or reactor setup is definitely necessary to reduce PAH content in the produced
biochars.
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6.2 Outlook

The crowdsourcing campaign in the project showed that a large number and wide range of
biomass residues are suitable for valorization in biochar by using pyrolysis or gasification.
Moreover, the project results indicated that various biomass residue and their produced
biochar for different applications.

The use of biochar in agriculture and the steel industry extends beyond the duration of this
project and is being considered for in a further project proposal of AlpBioCarbon - Sustainable
Green Carbon Production for Circular Bioeconomy in the Alpine region. This applied project is
an Interreg Alpine Space classic project.
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9 Appendix — Crowdsourcing Certificates
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sustainable Technologies GmbH (BEST) and gasification Free
University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced biochars were
analysed by National Institute of Chemistry (NIC), Water&dLife Lab and unibz.
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2 Description of the biomass residue bran

The_bran (starch) (Figure 1) is a by-product of starch production and was provided by the

Agrana Research & Innovation Center.

e

Figure 1: The bran (starch), phéto credits: BEST

The bran (starch) residue was analyzed by the Water & Life Lab srL, Via Enrico Mattei n°37,
24060 - Entratico (BG) — ITALY. The analysis results can be summarized in three different
groups, shown in Table 1 to Table 3: General residue biocharacterization, Heavy metal and
inorganic nutrient contents and Particle size analysis;

General residue biocharacterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/Cl, heating value and bulk density. Particle size analysis covers
the particle size distribution of the biomass residues. Both general residue biocharacterization
and particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue biocharacterisation

Moisture content W-% d.b. 10.70 +0.56 |ISO 14780: 2019; ISO 18134-1: 2015

Ash content at 550° W-% d.b. 7.08 +0.87 ISO 14780:2019; I1SO 18122: 2016

Bulk density kg/m?3 386 +23 ISO 14780: 2019; I1SO 17828:2016

Gross calorific value kWh/kg 4.510.1 ISO 18125:2018

Net calorific value kwWh/kg 4.2 0.1 ISO 18125:2018

Carbon W-% d.b. 44.2 1SO016948 2015

Chlorine W-% d.b. 0.06 +0.02 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% d.b. 6.4 1SO016948: 2015

Oxygen W-% d.b. 39.6 calculated - by difference

Nitrogen W-% d.b. 2.5+0.3 1SO016948: 2015

Sulphur W-% d.b. 0.18 +0.06 ISO 16994: 2017 Met A; ISO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Method
Arsenic | As wW-% gb. <04
Cadmium |Cd W-% d.b. <0.2
Total chromium | Cr W-% d.b. 0.4 +0.1
Manganese | Mn W-% d.b. 101.5 +17.2
20 g
Mercury | Hg W-% d.p. <0.04 SES b
Nickel | Ni W-% db. 0.9+0.3 S % 2
Lead Pb W-% d.b. <0.2 53 =
- — ©
Copper |[Cu W-% d.b. 11.513.2 8 8 8
Thallium [Tl W-% db. <2.0
Zinc | Zn W-% db. 97.9 +16.5
Phosphorus [P W-% d.b. 13259.0 +2240.8
Potassium |K W-% d.b. 12392.7 +2094.4

Table 3: Particle size analysis

Particle size Unit Result Method
Fraction < 3.15 mm w-% 99.88
Fraction 3.15 - 16 mm W 0 o
H _ w-% — ﬂ ‘;_10
Fraction 16 - 31.5 mm 0 SRR
Fraction 31.5 - 45 mm -5 0 S % o
Fraction 45 - 63 mm w-% 0 E § Fo
Fraction 63 - 100 mm w-% 0 29 3
Fraction > 100 mm w-% 0 -
Sum in % % 99.88
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3 Biochar production
The production of biochar from bran was performed using thermochemical technology
pyrolysis.

The experimental setup
The lab-scale pyrolysis (Figure 2) was performed on a rotary kiln, located at BEST in
Wieselburg, Lower Austria.

Figure 2: The used rotary kiln system, with the feedstock storage marked in red.
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The biochar samples were biocharacterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab srl. Biochar
biocharacterizations performed at Water & Life Lab srl were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, moisture content, cation exchange
capacity, chlorides, PAH, PCB, Dioxins and furans. Biochar biocharacterizations performed at
unibz were: moisture content, ash content, C/H/N/S/O and heating value. Biochar
biocharacterizations performed at NIC were: pH measurements; The biochar analysis results
are indicated in Table 4 to Table 6.

Table 4: Biochar biocharacterisation results

Parameter Unit Result Method
4.68 ISO 14820-2: 2016
Moisture content %wt ) CEN/TS 17773: 2022
23.79 1SO 14820-2: 2016
Ash content | %wtary CEN/TS 17773:2022
C %Wtdry 62.19
H %Wtdry 1-96
N | %wtay 3.92 Elementar analyser - Vario MACRO Cube
S %Wtdry 0-29
0 %Wtdry 7.85
HHV e MJ/kg 22.0 Milne’s formula
LHVMilne MJ/kg 21.6
Water holdin
. 8 g/e 2.9 ISO 14238: 2014 annex A
capacity
. ISO 14820-2:2016
° 0
Residual at 105°C %wt 96 CEN/TS 17773: 2022
. ISO 14820-2:2016
Moisture content %wt 4

CEN/TS 17773:2022

DM 13/09/99 GU248 21/10/1999 Met.XIlI.
DM 25/03/2002 GU84 10/04/2002

Cation exchange

100 16.3
capacity with BaCl, meaq/100g

Chlorides | mg/kg d.b. 416 CEN/TS 17758: 2022
E Bioch ifi EB
oH @ 23.7°C | -loguo(c(H") 6.723 u.rop?an iochar Certificate (EBC)
guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/Kg d.b. <1.0
Cadmium Cd mg/Kg d.b. <05
Total chromium Cr mg/Kg d.b. 11.4
Phosphorus P mg/Kkg d.b. 49 119.7 @
Manganese Mn mg/Kg d.b. 3343 g ©
Mercury Hg mg/Kg d.b. <0.01 N <
Molybdenum Mo mg/Kg d.b. 5.1 RS
Nickel Ni mg/kg d.b. 8.2 N 3
Lead Pb mg/Kg d.b. <05 Q 8
Potassium K mg/Kg d.o. 37190.5 g 2
Copper Cu mg/kg d.b. 28.5 2
Thallium Tl mg/Kg d.b. <1
Vanadium |V mg/kg d.b. <25
Zinc|Zn mg/Kg d.b. 298.8
Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements
PAH Unit Result Method
Acenaphthene |mg/kgqpb. |0.07
Acenaphthylene | mg/kg 4. |0.02
Anthracene |mg/kgdp. |0.37
Benzo(a)anthracene |mg/kgdp. |0.17
Benzo(a)pyrene |mg/kgdp. |0.10
Benzo(b)fluoranthene | mg/kg 4pb. |0.06
Benzo(ghi)perylene | mg/kgdp. |0.04 05'0
Benzo(k)fluoranthene | mg/kg dp. |0.02 N
Chrysene |mg/kgdpb. |0.34 %
Dibenzo(a,h)anthracene | mg/kg 4. |0.03 o
Phenanthrene |mg/kgdpb. |1.25 §
Fluoranthene |mg/kg db. |0.40 M
Fluorene |mg/kgdb. |0.46
Indeno(1,2,3-cd)pyrene | mg/kgdpb. |0.02
Naphthalene |mg/kgdp. |0.13
Pyrene |mg/kg4p. |0.47
Total EPA-PAH (by calculation) | mg/kg ¢b. |4.08
Total EFSA-PAH (by calculation) |mg/kgdb. |0.8
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The produced biochar has some up and some downsides regarding its application in different
industries. For the steel industry it is deemed as not very useful due to its high ash content
and its low heating values and carbon content (ISBN 978-3-658-03688-1). For the agricultural
application on the other hand, the biochar does show some promising properties. It has very
low concentrations in heavy metals, while at the same time its potassium and phosphorous
concentrations are very high. This would make it ideal as a soil amendment or fertilizing agent.
Only the zinc content is a bit high, preventing the biochar from being used in organic
agriculture or as a feed additive according to the EBC (https://www.european-
biochar.org/media/doc/2/version_en_10_1.pdf). Regarding the process itself, a few issues
occurred during processing. For further experiments the condensation of condensables during
the process has to be minimized to increase the pH of the biochar and lower the PAH
concentrations. Additionally, the bran in its powdery form is not suitable for pyrolysis in a
rotary kiln, due to agglomeration in the reactor and subsequent material build up on the
reactor wall. To resolve this, it is advised to either change reactor type (with screw or better
twin-screw reactors being promising continuous alternatives) or to do the agglomeration in
advance in the form of pelletisation or similar processes.
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Certificat nalysis_.

Biomass residue and r producerom it

Spelt husks

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&Life Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sustainable Technologies GmbH (BEST) and gasification Free
University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced biochars were
analysed by National Institute of Chemistry (NIC), Water&dLife Lab and unibz.

This project is co-funded by the European Union through the Interreg Alpine Space programme
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2 Description of the biomass residue spelt husks

The_spelt husks (Figure 1) is produced in agriculture during the spelt harvest and were
provided by from the organic farmer Mr. Karl Brader in Lower Austria.

The spelt husks were analyzed by the Water & Life Lab srL, Via Enrico Mattei n°37, 24060 -
Entratico (BG) — ITALY. The analysis results can be summarized in three different groups,
shown in Table 1 to Table 3: General residue characterization, Heavy metal and inorganic
nutrient contents and Particle size analysis;

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/Cl, heating value and bulk density. Particle size analysis covers
the particle size distribution of the biomass residues. Both general residue characterization
and particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue characterisation

Moisture content W-% db. 10.01 +0.52 ISO 14780: 2019; 1ISO 18134-1: 2015

Ash content at 550° w-% d.b. 7.05 +0.87 ISO 14780:2019; ISO 18122: 2016

Bulk density kg/m3 153 +9 ISO 14780: 2019; I1ISO 17828:2016

Gross calorific value kWh/kg 43+0.1 SO 18125:2018

Net calorific value kWh/kg 4.0+0.1 SO 18125:2018

Carbon W-% d.b. 434 1SO016948 2015

Chlorine W-% d.b. 0.008 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% db. 5.8 1S016948: 2015

Oxygen W-% d.b. 43.2 calculated - by difference

Nitrogen W-% dp. 0.4 +0.1 1SO16948: 2015

Sulphur W-% dp. 0.07 £0.03 ISO 16994: 2017 Met A; I1SO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Method
Arsenic | As W-% d.b. <0.4
Cadmium |Cd W-% d.b. <0.2
Total chromium Cr W-% d.b. 2.1+0.5
Manganese |Mn W-% d.b. 11.9+2.0 N o
Mercury | Hg W-% d.p. <0.04 3 3 S
Nickel |Ni W-% d.b. 1.04+0.3 S35
Lead |Pb W-% d.b. <0.2 S § 5
Copper |Cu W-% d.b. 1.5+0.4 é 3 3
Thallium [Tl W-% db. <2.0
Zinc |Zn W-% d.b. 9.1+1.5
Phosphorus [P W-% d.b. 1892.2 +319.8
Potassium |K W-% d.b. 3342.5 +564.9
Table 3: Particle size analysis
Particle size Unit Result Method
Fraction < 3.15 mm w-% 87.38
Fraction 3.15 - 16 mm W 12.62 o o
Fraction 16 - 31.5 mm w-% 0 § § =
Fraction 31.5 - 45 mm w-% 0 S % S
Fraction 45 - 63 mm w-% 0 E 8 %
Fraction 63 - 100 mm w-% 0 93 3
Fraction > 100 mm w-% 0 B
Sumin % % 100
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3 Biochar production

The production of biochar from spelt husks was performed using thermochemical technology
gasification.

The experimental setup

The experiments on a lab-scale gasifier (Figure 2) were conducted on a reverse updraft batch
reactor at the Free University of Bozen-Bolzano, Italy.
b :

\

Figure 2: Lab-scale gasifier — mounted on weighing scale (L), during operation (R)
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The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab srl. Biochar
characterizations performed at Water & Life Lab srl were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, moisture content, cation exchange
capacity, chlorides, PAH, PCB, Dioxins and furans. Biochar characterizations performed at
unibz were: moisture content, ash content, C/H/N/S/O and heating value. Biochar
characterizations performed at NIC were: pH measurements; The biochar analysis results are
indicated in Table 4 to Table 6.

Table 4: Biochar characterisation results

Parameter Unit Result Method
314 ISO 14820-2: 2016
Moisture content %wt ) CEN/TS 17773: 2022
3968 ISO 14820-2: 2016
Ash content Y%Wtdry ) CEN/TS 17773:2022
C | %wtay 57.16
H o | %wtay 0.89 ,
Elementar analyser - Vario MACRO Cube,
N %Wtdry 045 El
ementar
S | %wtqy 0.09
O %Wtdry 1.73
HHV miine MJ/kg 19.81 Milne’s formula
LHV milne MJ/kg 19.62
Water holding capacity |g/g 6.0 ISO 14238: 2014 annex A
. ISO 14820-2:2016
o (o)
Residual at 105°C % 98 CEN/TS 17773: 2022
. ISO 14820-2:2016
o)
Moisture content % 2 CEN/TS 17773:2022
Cation exchange capacity DM 13/09/99 GU248 21/10/1999 Met.XIII.
with BaCl, meq/100g | 18.8 DM 25/03/2002 GU84 10/04/2002
Chlorides |mg/kgd.b. |354 CEN/TS 17758: 2022
European Biochar Certificate (EBC,
pH @ 24.0 °C -logio(c(H*)) |9.258 . p. f (EBC)
guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/kg d.b. <1.0
Cadmium Cd mg/Kg d.b. <0.5
Total chromium Cr mg/Kg d.b. 16.4
Phosphorus P mg/Kkg d.b. 2179.9 @
Manganese Mn mg/Kg d.b. 87.3 g ©
Mercury Hg mg/Kg d.b. <0.01 N g
Molybdenum Mo mg/Kkg d.b. 0.7 RS
Nickel Ni mg/kg d.b. 7.7 N 3
Lead Pb mg/Kg d.b. 0.8 Q 8
Potassium K mg/Kg d.b. 7 299.6 Q2
Copper Cu mg/kg d.b. 2.2 2
Thallium Tl mg/Kg d.b. <0.5
Vanadium |V mg/Kg d.o. <25
Zinc | Zn mg/Kg d.b. 20.5
Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements
PAH Unit Result Method
Acenaphthene | mg/kgd.b. <0.01
Acenaphthylene | mg/kga.s. <0.01
Anthracene | mg/kgd.p. <0.01
Benzo(a)anthracene | mg/kgd.p. <0.01
Benzo(a)pyrene | mg/kgd.. <0.01
Benzo(b)fluoranthene | mg/kgd.o. <0.01
Benzo(ghi)perylene | mg/kgd.p. <0.01 05'0
Benzo(k)fluoranthene | mg/kgd.b. <0.01 N
Chrysene | mg/kgd.p. <0.01 oﬁ
Dibenzo(a,h)anthracene | mg/kgq.o. <0.01 A
Phenanthrene | mg/kgd.b. <0.01 §
Fluoranthene | mg/kgdp. <0.01 8]
Fluorene |mg/kgdnp. <0.01
Indeno(1,2,3-cd)pyrene | mg/kgd.b. <0.01
Naphthalene | mg/kgq.b. 0.22
Pyrene | mg/kgdnb. <0.01
Total EPA-PAH (by calculation) | mg/kga.s. <0.01
Total EFSA-PAH (by calculation) | mg/kgd.b. <0.01
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The produced char is deemed as not very attractive for the application in the steel industry
due to its high ash content and low heating values and carbon content (ISBN 978-3-658-03688-
1). However, the char shows promising properties for the application as a soil amendment in
the agriculture. It has very low levels of heavy metals and PAH pollutants, while at the same
time having considerable concentrations in potassium and phosphorus. The char has a high
pH which could make it ideal for the application in acidic soils (DOI: 10.1111/gcbb.12889) and
it showed the highest water holding capacity of all the produced biochars. Due to its very low
atomic H/C ratio it could even be an attractive choice for the application as a feed additive
(https://www.european-biochar.org/media/doc/2/version_en_10_1.pdf).
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sustainable Technologies GmbH (BEST) and gasification Free
University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced biochars were
analysed by National Institute of Chemistry (NIC), Water&dLife Lab and unibz.
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The compost screenings (Figure 1) are a by-product of compost processing and were provided
by the company Brantner green solutions.

Figure 1: The compost screenings, photo credits:BEST

The compost screenings were analyzed by the Water & Life Lab srL, Via Enrico Mattei n°37,
24060 - Entratico (BG) — ITALY. The analysis results can be summarized in three different
groups, shown in Table 1 to Table 3: General residue characterization, Heavy metal and
inorganic nutrient contents and Particle size analysis;

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/CI, heating value and bulk density. Particle size analysis covers
the particle size distribution of the biomass residues. Both general residue characterization
and particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue characterisation

Paramter Unit Result Method

Moisture content W-% db. 7.07 £0.37 ISO 14780: 2019; 1ISO 18134-1: 2015

Ash content at 550° w-% d.b. 16.94 £2.08 ISO 14780:2019; ISO 18122: 2016

Bulk density kg/m?3 231 +14 ISO 14780: 2019; ISO 17828:2016

Gross calorific value kWh/kg 4.4 +0.1 ISO 18125:2018

Net calorific value kWh/kg 4.5%0.1 SO 18125:2018

Carbon wW-% d.p. 42.0 1SO016948 2015

Chlorine W-% d.b. 0.58 +0.11 ISO 16994: 2017 Met; I1SO 10304-1: 2009
Hydrogen W-% d.b. 5.2 1S016948: 2015

Oxygen W-% d.b. 33.2 calculated - by difference

Nitrogen W-% q.b. 1.6 +0.2 1SO016948: 2015

Sulphur W-% d.p. 0.24 +0.08 ISO 16994: 2017 Met A; ISO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Method
Arsenic | As W-% db. 1.610.4
Cadmium Cd W-% d.b. 0.2+0.1
Total chromium Cr W-% db. 15.3 +3.8
Manganese | Mn W-% d.b. 195.1 +33.0
g9 o
Mercury | Hg W-% db. <0.04 S § P
Nickel | Ni W-% q.. 6.2+1.8 S % 5
Lead Pb W-% db. 45+1.1 S 3 =
- — ©
Copper |Cu W-% db, 18.2 5.1 22 3
Thallium [Tl W-% db. <2.0
Zinc |Zn W-% db. 58.7 9.9
Phosphorus [P W-% d.b. 2169.5 +366.7
Potassium | K W-% d.p. 13001.5 +2197.3

Table 3: Particle size analysis

Particle size Unit Result Method

Fraction < 3.15 mm w-% 33.06

Fraction 3.15 - 16 mm W 57.82 o o

Fraction 16 - 31.5 mm W 6.37 883

Fraction 31.5 - 45 mm w-% 1.93 S % S

Fraction 45 - 63 mm w-% 0 E § Fo

Fraction 63 - 100 mm w-% 0 29 3

Fraction > 100 mm w-% 0 -

Sumin % % 99.18
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3 Biochar production

The production of biochar from compost screenings was performed using thermochemical
technology pyrolysis.

The experimental setup
The lab-scale pyrolysis (Figure 2) was performed on a rotary kiln, located at BEST in
Wieselburg, Lower Austria.

Figure 2: The used rotary kiln system, i)vith the feedstock storage marked in red.
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The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab srl. Biochar
characterizations performed at Water & Life Lab srl were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, moisture content, cation exchange
capacity, chlorides, PAH, PCB, Dioxins and furans. Biochar characterizations performed at
unibz were: moisture content, ash content, C/H/N/S/O and heating value. Biochar
characterizations performed at NIC were: pH measurements; The biochar analysis results are
indicated in Table 4 to Table 6.

Table 4: Biochar characterisation results

Parameter Unit Result |Method
ISO 14820-2: 2016
Moisture content %wt 8.28 CEN/TS 17773: 2022
ISO 14820-2: 2016
Ash content %Wtdry 33.14 CEN/TS 17773:2022
C | %wtay 49.02
H %Wtdry 1.98 .
Elementar analyser - Vario MACRO Cube,
N | %Wtay 2.23 |
ementar
S %Wtdry 0.35
O |%wtay 13.29
HHVwmiine MJ/kg 16.98 Milne’s formula
LHV milne MJ/kg 16.55
Water holding capacity |g/g 2.2 ISO 14238: 2014 annex A
. ISO 14820-2:2016
o [)
Residual at 105°C % 91 CEN/TS 17773: 2022
. ISO 14820-2:2016
o,
Moisture content % 9 CEN/TS 17773:2022
Cation exchange DM 13/09/99 GU248 21/10/1999 Met.XIlI.
capacity with BaCl, meq/100g | 24.3 DM 25/03/2002 GU84 10/04/2002
Chlorides |mg/kgd.b. |7166 CEN/TS 17758: 2022
European Biochar Certificate (EBC,
pH @ 27.4°C -logio(c(H*)) |9.408 . p. f (EBC)
guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/kg d.b. 1.8
Cadmium Cd mg/Kg d.b. <0.5
Total chromium Cr mg/kg d.b. 42.8
Phosphorus P mg/Kkg d.b. 4308.9 @
Manganese Mn mg/Kg d.b. 349.6 g ©
Mercury Hg mg/Kg d.b. <0.01 N g
Molybdenum Mo mg/Kkg d.b. 5.9 RS
Nickel Ni mg/kg d.b. 22.7 N 3
Lead Pb mg/Kg d.b. 10.2 Q 8
Potassium K mg/Kg d.b. 27 388.8 Q2
Copper Cu mg/kg d.b. 35.1 2
Thallium Tl mg/Kg d.b. <1
Vanadium |V mg/Kg d.o. 16.6
Zinc | Zn mg/Kg d.b. 118.2
Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements
PAH Unit Result Method
Acenaphthene | mg/kgqp. 0.40
Acenaphthylene | mg/kga.s. 0.09
Anthracene | mg/kgd.. 0.45
Benzo(a)anthracene | mg/kgd.p. 0.18
Benzo(a)pyrene | mg/kgd.. 0.06
Benzo(b)fluoranthene | mg/kgd.p. 0.05
Benzo(ghi)perylene | mg/kgd.p. 0.03 05'0
Benzo(k)fluoranthene | mg/kgd.b. 0.02 N
Chrysene |mg/kgdnb. 0.27 oﬁ
Dibenzo(a,h)anthracene | mg/kgd.p. 0.02 :
Phenanthrene | mg/kgd.b. 2.51 §
Fluoranthene | mg/kgaus. 0.71 &
Fluorene | mg/kgd.p. 1.52
Indeno(1,2,3-cd)pyrene | mg/kgd.b. 0.01
Naphthalene | mg/kgq.b. 0.03
Pyrene | mg/kgdnp. 0.54
Total EPA-PAH (by calculation) | mg/kga.s. 6.98
Total EFSA-PAH (by calculation) | mg/kgd.b. 0.6
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The produced biochar is deemed as not very attractive for the application in steel industry due
to its high ash content and low heating values and carbon content (ISBN 978-3-658-03688-1).
However, it shows promising properties for the application in agriculture. It is very low in
heavy metals and shows high concentrations for the nutrient elements potassium and
phosphorous which would make it ideal for the application as a soil amendment. It also has a
high pH, which could be attractive for acidic soils (DOI: 10.1111/gcbb.12889) and it has one of
the highest cation exchange capacities. However, the concentration of PAH pollutants would
prevent it from being wused that way right now (https://www.european-
biochar.org/media/doc/2/version_en_10_1.pdf).

As the PAH concentrations is influenced to a large part by the process conditions, it is advised
to choose more favourable conditions regarding PAH formation and contamination in the
future. Additionally, as this residue is quite inhomogeneous by nature and its composition may
change considerably over time, heavy metal levels might become an issue, if, for example, the
metal fraction of the screening surplus increases.
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sutstainable Technologies GmbH (BEST) and gasification at
the Free University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced
biochars were analysed by National Institute of Chemistry (NIC), Water&Life Lab and unibz.
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2 Description of the biomass residue: Wood affected by bark

beetles

The_wood affected by bark beetles (BW) (Figure 1) was provided by the company Dapoz
Roland in Italy.

Figure 1: Wood affected by bark beetles

The bark beetle wood (BW) was analyzed by the Water & Life Lab S.r.l., Via Enrico Mattei n°37,
24060 - Entratico (BG) — ITALY. The analysis results can be summarized in three different
groups, shown in Table 1 to Table 3: General residue characterization, Heavy metal and
inorganic nutrient contents and Particle size analysis; General residue characterization covers
moisture content, ash and volatile matter content, elemental analysis for C/H/N/S/Cl, heating
value, bulk density. Particle size analysis covers the particle size distribution of the biomass
residues. Both general residue characterization and particle size distribution were necessary
to determine the suitability of the residues as received or the need of a pretreatment step.
Moreover, heavy metal and nutrient analysis were performed in order to evaluate, if any
elements are influenced by the thermochemical conversion, either through emission or
contamination.
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Table 1: General residue characterisation
Paramter Unit Result Method
Moisture content W-% d.b. 3.89 +0.20 ISO 14780: 2019; ISO 18134-1: 2015
Ash content at 550° W-% db. 0.96 +0.12 ISO 14780:2019; ISO 18122: 2016
Bulk density kg/m3 185 +11 ISO 14780: 2019; 1SO 17828:2016
Gross calorific value kWh/kg 5.4 £0.2 ISO 18125:2018
Net calorific value kWh/kg 5.1+0.2 ISO 18125:2018
Carbon W-% d.b. 48.4 1SO16948 2015
Chlorine W-% d.b. 0.01 +0.01 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% q.b. 6.1 1SO16948: 2015
Oxygen W-% db. 44.4 calculated - by difference
Nitrogen W-% db. 0.1+0.1 1SO16948: 2015
Sulphur W-% d.p. <0.01 ISO 16994: 2017 Met A; ISO 10304-1:2009

Table 2: Heavy metal and inorganic nutrient contents

Element Symbol Unit Result Method
Arsenic As W-% d.b. <04
Cadmium cd W-% d.b. 0.4 +0.1
Total
otal ¢ W-% ab. 3.6 0.9
chromium
Manganese | Mn W-% d.b. 50.0 +8.4 DN o
5 S33
Mercury Hg W-% db. <0.04 N &R
Nickel | Ni W-% b 22406 8283
~N % -
lead |Pb W-% d.b. 3.040.7 AR
5 002
Copper |Cu W-% d.b. 8.7+2.4 QL
Thallium Tl W-% db. <2.0
Zinc Zn W-% d.b. 27.0+4.6
Phosphorus W-% d.b. 38.6 6.5
Potassium W-% d.b. 674.3 £114.0
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Table 3: Particle size analysis results
Particle size Unit Result | Method
Fraction < 3.15 mm w-% 3.3
Fraction 3.15-16 mm w-% 31.5
Fraction 16 - 31.5 mm w-% 51.66
Fraction 31.5 - 45 mm w-% 9.8 150 14780: 2013

1SO 16968:2015

H _0,
Fraction 45 - 63 mm w-% 1.72 1SO 6170: 2016
Fraction 63 - 100 mm w-% 0
Fraction > 100 mm w-% 1.92
Sum in % % 99.9
Coarse fraction over 31.5 mm w-% 13.44
Coarse fraction over 45 mm W-ZA) 3.64 :28 147‘;2233—12021(?16
Coarse fraction over 63 mm w-% 1.92
Coarse fraction over 100 mm w-% 1.92
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3 Biochar production
The production of biochar from bark beetle wood (BW) was performed using gasification
technology, both at the laboratory and pilot scale.

The experimental setup
The experiments on a lab-scale gasifier were conducted on a reverse updraft batch reactor
at the Free University of Bozen-Bolzano, Italy (Figure 2).

Figure 2: Lab-scale gasifier — mounted on weighing scale (L), during operation (R)
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Experimental setup of the pilot-scale plant

The experiments were conducted on the pilot-scale gasification system at unibz (Figure 3).
Error! Reference source not found.

Figure 3: Pilot scale gasification setup

The biochar produced is shown in Figure 4.

Figure 4: Biochar produced from gasification of the wood affected by bark beetles

The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab S.r.l.. Biochar
characterizations performed at Water & Life Lab S.r.L. were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, cation exchange capacity, chlorides, PAH,
PCB, Dioxins and furans. Biochar characterizations performed at unibz were: moisture
content, ash content, C/H/N/S/O and heating value. Biochar characterizations performed at
NIC were: pH measurements; The biochar analysis results are indicated in Table 4 to 8 for
biochars obtained both at the lab- and pilot-scale.
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Table 4: Biochar characterisation results
Parameter Unit Lab scale |Pilot scale | Method
ISO 14820-2: 2016
_0,
Moisture content w-% 2.03 2:05 CEN/TS 17773: 2022
ISO 14820-2: 2016
_0,
Ash content | W4t 2.76 417 CEN/TS 17773:2022
C |W-%db 81.72 87.21
H W-% db 3.25 1.23 .
% 0.41 0.56 Elementar analyser - Vario
N Wb db - - MACRO Cube, Elementar
S W-% d4.b 0.09 0.18
(0] W-% 4. 11.77 6.67
HHVMine MJ/kg 30.67 30.44 Milne’s formula
LHVwmiine MJ/kg 29.96 30.17
Water holding capacity |g/g 5.3 2.6 ISO 14238: 2014 annex A
ISO 14820-2:2016
. o 0
Residual at 105°C % 98 100 CEN/TS 17773: 2022
DM 13/09/99 GU248
Cation exchange capacity 21/10/1999 Met.XIlII.
with Bacl, | Me9/1008 1252 203 DM 25/03/2002 GU84
10/04/2002
Chlorides mg/kg d.b. 34 34 CEN/TS 17758: 2022
H @ 23.1 °C for lab-scal E Bioch ifi
pH @ 23.1 °C for lab-scale, Jogu(c(HY) |7.601 8.599 uropean Biochar Certificate

25.1 °C for pilot-scale

(EBC) guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Lab scale |Pilotscale | Method
Arsenic As mg/kg a.. <1.0 <1.0
Cadmium Cd mg/kg d.. <0.5 <05
Total chromium Cr mg/kg a.. 0.5 25.9
Phosphorus P mg/Kg d.b. 162.6 127.5 o
Manganese Mn mg/Kg . 170.8 56.6 % o
Mercury Hg mg/kg ab. <0.01 <0.01 E §
Molybdenum Mo mg/kg o <05 <05 S s
Nickel Ni mg/Kg d.b. <0.5 11.6 r‘::' §
Lead Pb mg/Kg an. <0.5 <0.5 &’ Q
Potassium K mg/kg db. 2714.7 2791.9 Q -
Copper Cu mg/kg as. 2.7 2.6 B
Thallium Tl mg/kg . <0.5 <0.5
Vanadium |V mg/kg dx. <25 <25
Zinc [ Zn mg/Kg d.b. 48.7 36.1

Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements

PAH Unit Result Method
Acenaphthene | mg/kgapn. |<0.01 0.90
Acenaphthylene | mg/kgan. |<0.01 2.61
Anthracene | mg/kgsb. |<0.01 0.29
Benzo(a)anthracene | mg/kgspn. |<0.01 0.07
Benzo(a)pyrene | mg/kgan. |<0.01 0.05
Benzo(b)fluoranthene | mg/kgab. |<0.01 0.06
Benzo(ghi)perylene | mg/kgan. |<0.01 0.04 ®
Benzo(k)fluoranthene | mg/kgab. |<0.01 <0.01 8_
Chrysene | mg/kgapn. |<0.01 0.01 fwg
Dibenzo(a,h)anthracene | mg/kgab. |<0.01 0.02 A
Phenanthrene | mg/kgas. | 0.06 2.62 N
Fluoranthene | mg/kgdb. |<0.01 0.52 S
Fluorene |mg/kgapn. |<0.01 1.44
Indeno(1,2,3-cd)pyrene | mg/kgdan. |<0.01 0.03
Naphthalene | mg/kgdb. |0.19 3.97
Pyrene | mg/kgsn. |<0.01 0.55
Total EPA-PAH (by calculation) mg/kgdan. |0.26 13.18
Total EFSA-PAH (by calculation) mg/kgab. |<0.01 0.3
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Table 7: Results of the poly chlorinated diphenyls (PCB) measurements
PCB Unit Result Method
PCB 28 (TriCB) mg/kg <0.01
PCB 52 (TetraCB) mg/kg <0.01
PCB 77 (TetraCB) mg/kg <0.01
PCB 81 (TetraCB) mg/kg <0.01
PCB 91 (TetraCB) mg/kg <0.01
PCB 99 (PentaCB) mg/kg <0.01
PCB 101 (PentaCB) mg/kg <0.01
PCB 105 (PentaCB) mg/kg <0.01
PCB 110 (PentaCB) mg/kg <0.01
PCB 114 (PentaCB) mg/kg <0.01
PCB 128+123 (PentaCB) mg/kg <0.01
PCB 126 (PentaCB) mg/kg <0.01
PCB 128 (HexaCB) mg/kg <0.01 ~ oo
PCB 138 (HexaCB) mg/kg <0.01 8 3
PCB 146 (HexaCB) mg/kg <0.01 O u
PCB 149 (HexaCB) mg/kg <0.01 § 5
PCB 151 (HexaCB) mg/kg <0.01 <L
PCB 153 (HexaCB) mg/kg <0.01 o
PCB 156 (HexaCB) mg/kg <0.01
PCB 157 (HexaCB) mg/kg <0.01
PCB 167 (HexaCB) mg/kg <0.01
PCB 169 (HexaCB) mg/kg <0.01
PCB 170 (HeptaCB) mg/kg <0.01
PCB 177 (HeptaCB) mg/kg <0.01
PCB 180 (HeptaCB) mg/kg <0.01
PCB 183 (HeptaCB) mg/kg <0.01
PCB 187 (HeptaCB) mg/kg <0.01
PCB 189 (HeptaCB) mg/kg <0.01
PCB sums (D.Lgs. n. 121 del 03/09/2020) mg/kg < 0.01 mg/kg <0.01
PCB sums (Reg. CE 2019/1021 e s.m.i.) mg/kg <0.01
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Table 8: Results of the dioxins and furans measurements
DIOXINS AND FURANS Unit Result Method
PCDD:
2,3,7,8 TCDD ug/kg <0.0010
1,2,3,7,8 PCDD ug/kg < 0.0050
1,2,3,4,7,8 HxCDD ug/ke <0.0050
1,2,3,7,8,9 HXxCDD ug/kg < 0.0050
1,2,3,6,7,8 HXxCDD ug/keg <0.0050
1,2,3,4,6,7,8 HpCDD ug/ke <0.0050
0CDD ug/kg <0.0100 | ~
PCDF: §
2,3,7,8 TCDF ug/kg 0.0021 g
2,3,4,7,8 PCDF ug/kg < 0.0050 g
1,2,3,7,8 PCDF ug/ke <0.0050 | <
1,2,3,4,7,8 HXCDF ug/kg <0.0050 | ™
1,2,3,7,8,9 HXCDF ug/kg <0.0050
1,2,3,6,7,8 HXCDF ug/kg < 0.0050
2,3,4,6,7,8 HXCDF ug/kg <0.0050
1,2,3,4,6,7,8 HpCDF ug/kg < 0.0050
1,2,3,4,7,8,9 HpCDF ug/kg < 0.0050
OCDF ug/kg <0.0100
Sum of PCDD/PCDF ug/kg 0.0059
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sutstainable Technologies GmbH (BEST) and gasification at
the Free University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced
biochars were analysed by National Institute of Chemistry (NIC), Water&Life Lab and unibz.
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The_Chestnut wood without tannins (Figure 1) was provided by the company Ledoga S.r.I. in
Italy.

Figure 1: Chestnut wood without tannins

The Chestnut wood without tannins was analyzed by the Water & Life Lab S.r.l., Via Enrico
Mattei n°37, 24060 - Entratico (BG) — ITALY. The analysis results can be summarized in three
different groups, shown in Table 1 to Table 3: General residue characterization, Heavy metal
and inorganic nutrient contents and Particle size analysis;

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/CI, heating value, bulk density. Particle size analysis covers the
particle size distribution of the biomass residues. Both general residue characterization and
particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue characterisation

Paramter Unit Result Method

Moisture content W-% d.b. 39.56 £2.06 |ISO 14780: 2019; ISO 18134-1: 2015

Ash content at 550° w-% d.b. 0.69 +0.09 ISO 14780:2019; I1SO 18122: 2016

Bulk density kg/m?3 275 +16 ISO 14780: 2019; ISO 17828:2016

Gross calorific value kWh/kg 3.1+0.1 ISO 18125:2018

Net calorific value kWh/kg 2.810.1 ISO 18125:2018

Carbon w-% d.b. 48.3 1SO16948 2015

Chlorine w-% d.b. 0.01 +0.01 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% d.b. 6.0 1S016948: 2015

Oxygen W-% d.b. 44.7 calculated - by difference

Nitrogen W-% d.b. 0.310.1 1SO016948: 2015

Sulphur W-% d.b. 0.02 +0.01 ISO 16994: 2017 Met A; ISO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Method
Arsenic As W-% q.b. <04
Cadmium |Cd W-% d.b. <0.2
Total chromium Cr W-% d.b. 5.711.4
Manganese | Mn W-% d.b. 35.145.9 o o
Mercury | Hg W-% d.b. <0.04 § § §
Nickel Ni W-% d.b. 2.8+0.8 S 8 S
lead |Pb W-%ab.  |0.840.2 S 8 2
Copper | Cu W-% db. 2.0£0.6 93 3
Thallium Tl W-% db. <20 -
Zinc  |Zn W-% d.b. 7.4+13
Phosphorus P W-% d.b. 28.514.8
Potassium | K W-% db. 108.7 +18.4

Table 3: Particle size analysis

Particle size Unit Result Method
Fraction < 3.15 mm W-% 8.32
Fraction 3.15 - 16 mm wW-% 74.53
Fraction 16 - 31.5 mm w-% 15.55
Fraction 31.5 - 45 mm w-% 0.45 ISO 14780: 2019

ISO 16968:2015

1 _0,
Fraction 45 - 63 mm w-% 0 SO 6170: 2016
Fraction 63 - 100 mm w-% 0
Fraction > 100 mm w-% 0
Sumin % % 98.85
Coarse fraction over 31.5 mm W-% 0.45
ISO 14780: 2019

f i 4 w-% 0

Coarse fraction over 45 mm ’ SO 17827-1: 2016
Coarse fraction over 63 mm w-% 0
Coarse fraction over 100 mm wW-% 0
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3 Biochar production

The production of biochar from Chestnut wood without tannins was performed using
gasification technology.

The experimental setup
The experiments on a lab-scale gasifier (Figure 2) were conducted on a reverse updraft batch
reactor at the Free University of Bozen-Bolzano, Italy.

: &
Figure 2: Lab-scale gasifier — mounted on weighing scale (L), during operation (R)

The biochar produced is shown in Figure 3.

Figure 3: Biochar produced from the gasification of chestnut wood without tannins
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The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab S.r.l.. Biochar
characterizations performed at Water & Life Lab S.r.l. were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, cation exchange capacity, chlorides, PAH.
Biochar characterizations performed at unibz were: moisture content, ash content,
C/H/N/S/O and heating value. Biochar characterizations performed at NIC were: pH
measurements; The biochar analysis results are indicated in Table Table 1 to Table 6.

Table 4: Biochar characterisation results

Parameter Unit Result Method
ISO 14820-2: 2016
_0,
Moisture content w-% 3.96 CEN/TS 17773: 2022
ISO 14820-2: 2016
_0,
Ash content | V04t 1.17 CEN/TS 17773:2022
C |wW-%db 84.97
H W-% dp 2.32 .
Elementar analyser - Vario MACRO
N W-% d.b 0.44
Cube, Elementar
S W-% db 0.09
0 W-% d.b 11.02
HHVwiine MJ/kg 30.65 Milne’s formula
LHVM”ne MJ/kg 30.15
Water holding capacity g/g 3.9 ISO 14238: 2014 annex A
ISO 14820-2:2016
. o 0
Residual at 105°C % 98 CEN/TS 17773: 2022
. . . DM 13/09/99 GU248 21/10/1999
Cation exchange capautva;/glh meq/100g | 16.2 MetXIIL.
2 DM 25/03/2002 GU84 10/04/2002
Chlorides mg/kg d.b. |13 CEN/TS 17758: 2022
. . European Biochar Certificate (EBC)
pH @ 24.6 °C | -logio(c(H*)) | 6.941 quideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/Kg db. <1.0
Cadmium Cd mg/Kg ab. <05
Total chromium Cr mg/kg ax. 2.0
Phosphorus P mg/kg d.b. 48.4 @
Manganese Mn mg/kg .. 112.0 %
Mercury Hg mg/kg a.b. <0.01 § §
Molybdenum Mo mg/Kg d.b. <0.5 § S
Nickel Ni mg/kg .. 2.1 N §
Lead Pb mg/Kg ab. 0.7 § 9
Potassium K mg/Kg ab. 81.4 Q -
Copper Cu mg/Kg d.b. 3.5 B
Thallium Tl mg/Kg ab. <0.5
Vanadium |V mg/Kg ab. <25
Zinc [ Zn mg/Kg d.b. 8.5

Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements

PAH Unit Result Method
Acenaphthene mg/Kgd.o. <0.01
Acenaphthylene :ng/kgd‘b< <0.01
Anthracene | mg/kgan. <0.01
Benzo(a)anthracene | mg/kga.. <0.01
Benzo(a)pyrene | mg/kga.. <0.01
Benzo(b)fluoranthene | mg/kga.. <0.01
Benzo(ghi)perylene | mg/kga.. <0.01 ogo
Benzo(k)fluoranthene | mg/kgsn. |<0.01 ;
Chrysene | mg/kgan. <0.01 &Z::
Dibenzo(a,h)anthracene | mg/kgas. |<0.01 g
Phenanthrene | mg/kga.. <0.01 =
Fluoranthene mg/kga.. <0.01 o
Fluorene | mg/kgan. <0.01
Indeno(1,2,3-cd)pyrene | mg/kga.o. <0.01
Naphthalene | mg/kga.. 0.10
Pyrene | mg/kgan. <0.01
Total EPA-PAH (by calculation) | mg/kga.. 0.10
Total EFSA-PAH (by calculation) | mg/kga.b. <0.01
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&Life Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sustainable Technologies GmbH (BEST) and gasification Free
University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced biochars were
analysed by National Institute of Chemistry (NIC), Water&dLife Lab and unibz.
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The walnut shells (Figure 1) are produced during the nut cracking process and were provided
by the company Nussland GmbH.

)

Figure 1: The walnut shells, photo credits: BEST

The walnut shells were analyzed by the Water & Life Lab srL, Via Enrico Mattei n°37, 24060 -
Entratico (BG) — ITALY. The analysis results can be summarized in three different groups,
shown in Table 1 to Table 3: General residue characterization, Heavy metal and inorganic
nutrient contents and Particle size analysis;

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/Cl, heating value and bulk density. Particle size analysis covers
the particle size distribution of the biomass residues. Both general residue characterization
and particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue characterisation

Paramter Unit Result Method

Moisture content W-% d.b. 11.78 +0.61 | ISO 14780: 2019; I1SO 18134-1: 2015

Ash content at 550° W-% d.b. 1.23 +0.15 ISO 14780:2019; ISO 18122: 2016

Bulk density kg/m3 286 +17 ISO 14780: 2019; ISO 17828:2016

Gross calorific value kWh/kg 49 +0.1 ISO 18125:2018

Net calorific value kWh/kg 4.6 0.1 SO 18125:2018

Carbon W-% d.b. 49.0 1SO16948 2015

Chlorine W-% d.p. 0.04 +0.01 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% dob. 5.9 1S016948: 2015

Oxygen W-% d.b. 43.4 calculated - by difference

Nitrogen W-% d.b. 0.410.1 1SO16948: 2015

Sulphur W-% d.p. 0.03 +0.01 ISO 16994: 2017 Met A; ISO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Method
Arsenic | As W-% d.b. <0.4
Cadmium |Cd W-% d.b. <0.2
Total chromium |Cr W-% d.b. 1.8 +0.5
Manganese |Mn W-% d.b. 7.0+1.2 o e
Mercury | Hg W-% d.b. <0.04 § § §
Nickel Ni W-% db. 1.2+0.4 S8 5
Lead Pb W-% d.b. <0.2 S § 5
Copper | Cu W-% db. 3.410.9 § 3 2
Thallium Tl W-% d.b. <20
Zinc  |Zn W-% d.b. 5.0 +0.9
Phosphorus P W-% d.b. 305.8 +51.7
Potassium | K W-% db. 2696.3 +455.7
Table 3: Particle size analysis
Particle size Unit Result Method
Fraction < 3.15 mm w-% 1.62
Fraction 3.15 - 16 mm w-% 17.01 -
Fraction 16 - 31.5 mm w-5% 80.11 S 53
Fraction 31.5 - 45 mm % 0.92 S8 5
Fraction 45 - 63 mm w-% 0 E 8 Fo
Fraction 63 - 100 mm e 0 2323
Fraction > 100 mm w-% 0 B
Sumin % % 99.66
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3 Biochar production

The production of biochar from walnut shells was performed using thermochemical
technology pyrolysis in lab-scale and pilotscale.

The experimental setup
The lab-scale pyrolysis (Figure 2) was performed on a rotary kiln, located at BEST in
Wieselburg, Lower Austria.

Plae PRS- ~

N .
Figure 2: The used rotary kiln system, with the feedstock storage marked in red.

The experimental setup of the pilotscale plant

The pilot-scale pyrolysis test was conducted using a dual auger pyrolysis plant (Figure 3) made
by REW Regenis. The plant is installed at our research facility in Wieselburg, Austria and has a
nominal capacity of 20 kg/h biochar output.

Figure 3: left: Pilot Scale pyrolysis plant from outside; right: pyrolysis plant inside container, pyrolysis reactor on left and gas
burner on right side
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The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab srl. Biochar
characterizations performed at Water & Life Lab srl were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, moisture content, cation exchange
capacity, chlorides, PAH, PCB, Dioxins and furans. Biochar characterizations performed at
unibz were: moisture content, ash content, C/H/N/S/O and heating value. Biochar
characterizations performed at NIC were: pH measurements; The biochar analysis results are

indicated in Table 4 to Table 8.

Table 4: Biochar characterisation results

Parameter Unit Result Result Method
Walnut shells | Walnut shells
lab-scale pilotscale
ISO 14820-2: 2016
Moisture content %wt 12.82 0.66 CEN/TS 17773: 2022
ISO 14820-2: 2016
Ash content Y%oWtdry 3.75 3.51 CEN/TS 17773:2022
C |%Wtay 81.90 85.10
H Y%oWtdry 2.80 3.19
) Elementar analyser -
N__ | %wtay 1.16 0.86 Vario MACRO Cube
S Y%oWtdry 0.25 0.33
O | %Wtay 10.14 7.01
HHVmiine MJ/kg 30.24 32.26 Milne’s formula
LHVmiine MJ/kg 29.63 31.56
Water holdlr\g g/g 1.9 2.0 ISO 14238: 2014 annex A
capacity
Residual at 105°C | % 87 99 ESN}i‘si(;—;;g?;gzz
Moisture content | % 13 1 I(:SEON}:§21(;-727:§?21§22
Cation exchange gll\jllo?}/lgz/: ?\/chatJ iﬁf
capacity with Bacglz meq/100g 139 17.6 DM 25/03/2002 GU84
10/04/2002
Chlorides |mg/kgd.b. |299 305 CEN/TS 17758: 2022
European Biochar
pH @ 24.7 °C | -logio(c(H*)) |6.149 8.319 Certificate (EBC)
guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol | Unit Result Result Method
Walnut shells Walnut shells
lab-scale pilotscale
Arsenic As mg/Kg d.b. <1.0 <1.0
Cadmium Cd mg/Kg d.b. <0.5 <0.5
Total chromium Cr mg/Kg d.b. 6.3 4.8 @
Phosphorus P mg/Kg d.b. 810.6 531.5 g ©
Manganese Mn mg/Kg d.b. 16.4 9.0 -
Mercury Hg mg/Kg d.. <0.01 <0.01 § S
Molybdenum Mo mg/Kg d.b. <0.5 <0.5 N 3
Nickel Ni mg/kg ab.| 3.9 2.9 S
Lead Pb mg/kg d.b. <0.5 <0.5 g 2
Potassium K mg/kg dp.| 8810.4 6774.1 2
Copper Cu mg/Kg d.o. 6.1 5.6
Thallium Tl mg/Kg d.b. <1 <1
Vanadium |V mg/Kg d.b. <25 <25
Zinc | Zn mg/Kg d.b. 10.4 7.5
Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements
PAH Unit Result Result Method
Walnut shells Walnut shells
lab-scale pilotscale
Acenaphthene | mg/kganp. 0.32 <0.01
Acenaphthylene | mg/kgd.p. 0.06 <0.01
Anthracene | mg/kgd.p. 1.03 0.03
Benzo(a)anthracene | mg/kgaup. 0.14 0.05
Benzo(a)pyrene | mg/kgd.p. 0.07 0.06
Benzo(b)fluoranthene | mg/kgd.s. 0.04 0.11 080
Benzo(ghi)perylene | mg/kga.s. 0.03 0.08 N
Benzo(k)fluoranthene | mg/kgd.. 0.02 0.11 %’
Chrysene | mg/kgd.p. 0.24 0.08 o
Dibenzo(a.h)anthracene | mg/kgdnp. 0.02 0.07 §
Phenanthrene | mg/kgaus. 3.62 <0.01 -
Fluoranthene |mg/kgadus. 0.50 <0.01
Fluorene | mg/kganp. 2.31 <0.01
Indeno(1.2.3-cd)pyrene | mg/kgd.b. 0.01 0.07
Naphthalene | mg/kgq.us. <0.01 0.51
Pyrene | mg/kgdup. 0.59 <0.01
Total EPA-PAH (by calculation) | mg/kgad.s. 9.09 3.30
Total EFSA-PAH (by calculation) | mg/kga.b. 0.6 0.6
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Table 7: Results of the poly chlorinated diphenyls (PCB) measurements from the pilotscale walnut shells biochar

PCB Unit Result Method
PCB 28 (TriCB) mg/kg <0.01

PCB 52 (TetraCB) mg/kg <0.01

PCB 77 (TetraCB) mg/kg <0.01

PCB 81 (TetraCB) mg/kg <0.01

PCB 91 (TetraCB) mg/kg <0.01

PCB 99 (PentaCB) mg/kg <0.01

PCB 101 (PentaCB) mg/kg <0.01

PCB 105 (PentaCB) mg/kg <0.01

PCB 110 (PentaCB) mg/kg <0.01

PCB 114 (PentaCB) mg/kg <0.01

PCB 128+123 (PentaCB) mg/kg <0.01

PCB 126 (PentaCB) mg/kg <0.01

PCB 128 (HexaCB) mg/kg <0.01 S o
PCB 138 (HexaCB) mg/kg <0.01 SIS
PCB 146 (HexaCB) mg/kg  |<0.01 i
PCB 149 (HexaCB) mg/kg  |<0.01 g g
PCB 151 (HexaCB) mg/kg <0.01 < <
PCB 153 (HexaCB) mg/kg <0.01 w w
PCB 156 (HexaCB) mg/kg <0.01

PCB 157 (HexaCB) mg/kg <0.01

PCB 167 (HexaCB) mg/kg <0.01

PCB 169 (HexaCB) mg/kg <0.01

PCB 170 (HeptaCB) mg/kg <0.01

PCB 177 (HeptaCB) mg/kg <0.01

PCB 180 (HeptaCB) mg/kg <0.01

PCB 183 (HeptaCB) mg/kg <0.01

PCB 187 (HeptaCB) mg/kg <0.01

PCB 189 (HeptaCB) mg/kg <0.01

PCB sums (D.Lgs. n. 121 del 03/09/2020) mg/kg < 0.01 | mg/kg <0.01

PCB sums (Reg. CE 2019/1021 e s.m.i.) mg/kg <0.01
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Table 8: Results of the dioxins and furans measurements

DIOXINS AND FURANS Unit Result Method
PCDD:

2,3,7,8 TCDD ug/kg <0.0010

1,2,3,7,8 PCDD ug/keg < 0.0050

1,2,3,4,7,8 HxCDD ug/kg < 0.0050

1,2,3,7,8,9 HxCDD ug/kg < 0.0050

1,2,3,6,7,8 HXCDD ug/keg < 0.0050
1,2,3,4,6,7,8 HpCDD ug/kg < 0.0050

0oCDD ug/kg <0.0100 ~
PCDF: §
2,3,7,8 TCDF ue/kg <0.0010 p
2,3,4,7,8 PCDF ug/kg < 0.0050 S
1,2,3,7,8 PCDF ug/kg < 0.0050 <
1,2,3,4,7,8 HXCDF ug/keg <0.0050 -
1,2,3,7,8,9 HXCDF ug/keg <0.0050

1,2,3,6,7,8 HXCDF ug/kg < 0.0050

2,3,4,6,7,8 HXCDF ug/keg <0.0050
1,2,3,4,6,7,8 HpCDF ug/kg <0.0050
1,2,3,4,7,8,9 HpCDF ug/kg < 0.0050

OCDF ug/kg <0.0100

Sum of PCDD/PCDF ug/kg 0.0057
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The produced biochars show very promising properties for applications in both steel industry
and agriculture. They have very high heating values and carbon contents and low ash contents
at the same time, which all are desired properties by the steel industry (ISBN 978-3-658-
03688-1). Regarding the agricultural application, the biochars show low levels in heavy metals
and considerable levels in the nutrient elements phosphorous and potassium. Compared to
the lab-scale biochar, the pilot-scale biochar also shows a high pH which could be desired for
acidic soils (DOI: 10.1111/gcbb.12889) and it has the higher cation exchange capacity of the
two biochars. The pilot-scale biochar also shows considerably less PAH pollutants and it
showed none of the other organic pollutants it was analysed for. In conclusion, while both
produced biochars show very promising properties for the application in steel industry and
agriculture only the pilot-scale biochar could be used as is for future studies. For further
investigations with the lab-scale equipment a change in process conditions would be required
to lower the PAH pollutants, moisture content and other effects of the liquid-condensation
during the process.

This project is co-funded by the European Union through the Interreg Alpine Space programme



JMCEl Co-funded by
HILCITICYy SN the European Union

Alpine Space

Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&Life Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sutstainable Technologies GmbH (BEST) and gasification
Free University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced biochars
were analysed by National Institute of Chemistry (NIC), Water&Life Lab and unibz.
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The coffee husks (Figure 1) residue came from the roasting process of coffee and was provided
by the company Barcaffe in Izola.

Figure 1: The coffee husks, photo credits: CCIS, Slovenia

The coffee husks were analyzed by the Water & Life Lab srL, Via Enrico Mattei n°37, 24060 -
Entratico (BG) — ITALY. The analysis results can be summarized in three different groups,
shown in Table 1 to Table 3: General residue characterization, Heavy metal and inorganic
nutrient contents and Particle size analysis.

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/CI, heating value, bulk density and ash melting behavior.
Particle size analysis covers the particle size distribution of the biomass residues. Both general
residue characterization and particle size distribution were necessary to determine the
suitability of the residues as received or the need of a pretreatment step. Moreover, heavy
metal and nutrient analysis were performed in order to evaluate, if any elements are
influenced by the thermochemical conversion, either through emission or contamination.

Table 1: General residue characterisation

Paramter Unit Result Method

Moisture content W-% db. 25.04 £1.30 ISO 14780: 2019; ISO 18134-1: 2015

Ash content at 550° W-% db. 7.32+£0.90 ISO 14780:2019; ISO 18122: 2016

Bulk density kg/m?3 342 +20 ISO 14780: 2019; I1SO 17828:2016

Gross calorific value kwWh/kg 3.9+0.1 SO 18125:2018

Net calorific value kWh/kg 3.6+0.1 SO 18125:2018

Carbon W-% q.b. 46.7 1SO016948 2015

Chlorine W-% dp. 0.06 +0.02 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% db. 6.1 1ISO16948: 2015

Oxygen W-% db. 36.6 calculated - by difference

Nitrogen W-% d.b. 29104 1S016948: 2015

Sulphur W-% dp. 0.28 +0.09 ISO 16994: 2017 Met A; I1SO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Uncertainty | Method
Arsenic  |As W-% dp. <04
Cadmium |Cd W-% d.b. <0.2
Total e W-% 41, 18 £0.5
chromium
Manganese | Mn W-% db. 44.0 7.4 e
Mercury |Hg W-% db. <0.04 SRS
Nickel | Ni W-% d. 1.0 0.3 58S
Lead |Pb w-% g, 0.3 +0.1 S50
Copper |Cu W-% d.b. 63.6 +17.7 2 2 2
Thallium [Tl W-% d.b. <2.0
Zinc |Zn W-% d.b. 15.2 2.6
Phosphorus |P W-% db. 918.0 +155.1
Potassium K W-% db. 16747.2 +2830.3
Table 3: Particle size analysis
Particle size Unit Result |Uncertainty | Method
Fraction < 3.15 mm w-% 12.88  [+0.64
Fraction 3.15 - 16 mm w-% 85.92 |+4.30
Fraction 16 - 31.5 mm w-% 85.92 |%4.30
Fraction 31.5 - 45 mm w-% 85.92 |+4.30 150 14780: 2019
- 5 ISO 16968:2015
Fraction 45 - 63 mm w-% 85.92 [+4.30 150 6170: 2016
Fraction 63 - 100 mm w-% <1
Fraction > 100 mm w-% <1
Sumin % % <1
Coarse fraction over 31.5 mm w-% <1
Coarse fraction over 45 mm w-% <45 SO 14780: 2019
Coarse fraction over 63 mm W:’ <0.50 SO 17827.1: 2016
Coarse fraction over 100 mm w-% 12.88 +0.64
Max length of particles w-% 85.92 |+4.30
Largest cross sectional area cm? 85.92 +4.30
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3 Biochar production

The production of biochar from coffee husks was produiced using thermochemical technology
called pyrolysis.

The experimental setup

The lab-scale pyrolysis (Error! Reference source not found.) was performed on a rotary kiln,
located at BEST in Wieselburg, Lower Austria.

T S

Figure 2: The used rotary kiln system, i)vith the feedstock storage marked in red.
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The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab srl. Biochar
characterizations performed at Water & Life Lab srl were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, moisture content, cation exchange
capacity, chlorides, PAH, PCB, Dioxins and furans. Biochar characterizations performed at
unibz were: moisture content, ash content, C/H/N/S/O and heating value. Biochar
characterizations performed at NIC were: pH measurements; The biochar analysis results are
indicated in Table 1 to Error! Reference source not found..

Table 4: Biochar characterisation results

Parameter Unit Result Method
12.29 ISO 14820-2: 2016
Moisture content %wt ’ CEN/TS 17773: 2022
20.19 ISO 14820-2: 2016
Ash content %Wtdry ’ CEN/TS 17773:2022
C %wtdry 63.36
H | %wtyy 3.31 .
Elementar analyser - Vario MACRO Cube,
N %wtdry 362 El
ementar
S %Wtdry 0-55
0 %wtdry 8.97
HHVwiine MJ/kg 24.20 Milne’s formula
LHVMiIne Mj/kg 23.48
Water holding capacity |g/g 3.8 ISO 14238: 2014 annex A
. o o 89 ISO 14820-2:2016
Residual at 105°C | % CEN/TS 17773: 2022
. o 11 ISO 14820-2:2016
Moisture content % CEN/TS 17773:2022
Cation exchange capacity /100 24.5 DM 13/09/99 GU248 21/10/1999 Met.XIII.
with Bacl, | Med/+Eus DM 25/03/2002 GU84 10/04/2002
Chlorides |mg/kgd.b. | 1149 CEN/TS 17758: 2022
- European Biochar Certificate (EBC,
pH @ 24,2 °C o 19.692 rope ficate (EBC)
logio(c(H*)) guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/kg d.b. <1.0
Cadmium Cd mg/Kg d.b. <0.5
Total chromium Cr mg/Kg d.b. 8.7
Phosphorus P mg/Kg d.b. 1863.2 ®
Manganese Mn mg/Kg d.b. 127.2 g ©
Mercury Hg mg/Kg d.b. <0.01 N N
Molybdenum Mo mg/Kkg d.b. <0.5 NS
Nickel Ni mg/kg d.b. 6.0 N 3
Lead Pb mg/Kg d.b. <0.5 Q 8
Potassium K mg/kg d.b. 43193.7 LO“ 2
Copper Cu mg/kg d.b. 136.0 2
Thallium Tl mg/Kg d.b. <1
Vanadium |V mg/Kg d.o. <25
Zinc|Zn mg/kg d.b. 44.5
Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements
PAH Unit Result Method
Acenaphthene |mg/kgdqp. |0.50
Acenaphthylene | mg/kgqp. |0.12
Anthracene |mg/kgdp. |0.51
Benzo(a)anthracene |mg/kgdn. |0.23
Benzo(a)pyrene |mg/kgdp. |0.11
Benzo(b)fluoranthene |mg/kgdn. |0.04
Benzo(ghi)perylene | mg/kgdn. |0.03 05'0
Benzo(k)fluoranthene | mg/kgdb. |0.04 N
Chrysene |mg/kgdb. |0.36 oﬁ
Dibenzo(a,h)anthracene | mg/kgdn. |0.03 :
Phenanthrene |mg/kgdp. |[4.20 §
Fluoranthene |mg/kgdp. |0.54 S
Fluorene |mg/kgdn. |1.95
Indeno(1,2,3-cd)pyrene | mg/kgdp. |0.01
Naphthalene |mg/kgdb. |0.02
Pyrene |[mg/kgdp. |0.71
Total EPA-PAH (by calculation) | mg/kgdb. |9.55
Total EFSA-PAH (by calculation) | mg/kgdn. |0.9
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The produced biochar from coffee husks could unfortunately not be used as animal feed or
in agricultural use as soil amendment because it has too high copper content and PAH
content (https://www.european-biochar.org/media/doc/2/version_en_10_1.pdf). Also, the
low fixed carbon content and low calorific value make it not applicable to the steel industry
as a substitution of coal-based fuels
(https://www.sciencedirect.com/science/article/pii/S0016236123000145). However, this
biochar could be used in some other applications e.g. for artistic drawing with charcoal.
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sutstainable Technologies GmbH (BEST) and gasification
Free University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced biochars
were analysed by National Institute of Chemistry (NIC), Water&Life Lab and unibz.
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2 Description of the biomass residue - River woody debris
The river woody debris (Figure 1) came from the company Dravske elektrarne Maribor, d.o.o.,
which produces almost a quarter of the

- >

Figure 1: Wood debris at the hydroelectric plant at Zlato/iEj, Slovenia

The river woody debris were analyzed by the Water & Life Lab srL, Via Enrico Mattei n°37,
24060 - Entratico (BG) — ITALY. The analysis results can be summarized in three different
groups, shown in Table 1 to Table 3: General residue characterization, Heavy metal and
inorganic nutrient contents and Particle size analysis.

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/Cl, heating value, bulk density and ash melting behavior.
Particle size analysis covers the particle size distribution of the biomass residues. Both general
residue characterization and particle size distribution were necessary to determine the
suitability of the residues as received or the need of a pretreatment step. Moreover, heavy
metal and nutrient analysis were performed in order to evaluate, if any elements are
influenced by the thermochemical conversion, either through emission or contamination.

Table 1: General residue characterisation

Moisture content W-% d.p. 26.27 £1.37 ISO 14780: 2019; 1ISO 18134-1: 2015

Ash content at 550° W-% dp. 1.70 £0.21 ISO 14780:2019; ISO 18122: 2016

Bulk density kg/m?3 217 13 ISO 14780: 2019; I1SO 17828:2016

Gross calorific value kWh/kg 3.940.1 SO 18125:2018

Net calorific value kWh/kg 3.6+0.1 SO 18125:2018

Carbon W-% d.b. 47.6 1IS016948 2015

Chlorine W-% db. <0.01 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% db. 6 1SO016948: 2015

Oxygen W-% db. 44.4 calculated - by difference

Nitrogen W-% q.b. 0.3+0.1 1SO16948: 2015

Sulphur w-% d.b, 0.04 +0.02 ISO 16994: 2017 Met A; I1SO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Uncertainty | Method
Arsenic As W-% dp. <04
Cadmium Cd W-% d.b. 0.2 +0.1
T9ta| Cr W-% q.b. 6.4 +1.6
chromium
Manganese | Mn W-% db. 74.9 +12.7 N 1o
0 o 8 =
Mercury | Hg W-% d.b. <0.04 N &K
Nickel | Ni W-% g 3.2 £0.9 % 3 g
Lead |Pb W-% db. 1.9 +0.5 S S0
0Q0Q
Copper |Cu W-% d.b. 3.1 +0.9 A oD
Thallium | Tl W-% d.b. <20
Zinc |Zn W-% d.b. 21.0 +3.6
Phosphorus |P W-% db. 171.3 $29.0
Potassium | K W-% db. 615.6 +104.0
Table 3: Particle size analysis
Particle size Unit Result |Uncertainty | Method
Fraction < 3.15 mm w-% 2.88 +0.14
Fraction 3.15 - 16 mm w-% 24.76  |+1.24
Fraction 16 - 31.5 mm w-% 63.47 |+3.17
Fraction 31.5 - 45 mm w-% 82.01 |+4.10 IS0 14780: 2019
. W% ISO 16968:2015
Fraction 45 - 63 mm 87.21 14.36 ISO 6170: 2016
Fraction 63 - 100 mm w-% 18.76 | +0.94
Fraction > 100 mm w-% 5.26 +0.26
Sum in % % <1
Coarse fraction over 31.5 mm w-% 8.73 10.44
Coarse fraction over 45 mm w-% <45 SO 14780: 2019
. w-% 11 .
Coarse fraction over 63 mm 0/ SO 17827-1: 2016
Coarse fraction over 100 mm W= 2.88 +0.14
Max length of particles w-% 2476 |+1.24
Largest cross sectional area cm? 63.47 +3.17
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3 Biochar production

The production of biochar from river woody debris was produced using thermochemical
technology called gasification.

The experimental setup

The experiments on a lab-scale gasifier (Figure ) were conducted on a reverse updraft batch
reactor at the Free University of Bozen-Bolzano, Italy.
ahd :

\

Figure 2: Lab-scale gasifier — mounted on weighing scale (L), during operation (R)
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The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab srl. Biochar
characterizations performed at Water & Life Lab srl were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, moisture content, cation exchange
capacity, chlorides, PAH, PCB, Dioxins and furans. Biochar characterizations performed at
unibz were: moisture content, ash content, C/H/N/S/O and heating value. Biochar
characterizations performed at NIC were: pH measurements; The biochar analysis results are
indicated in Table 1 to Error! Reference source not found..

Table 4: Biochar characterisation results

Parameter Unit Result Method
5 95 ISO 14820-2: 2016
Moisture content %wt ’ CEN/TS 17773: 2022
425 ISO 14820-2: 2016
Ash content | %wtqry ) CEN/TS 17773:2022
C | %wWtary 76.92
H | %wtyy 3.19 .
Elementar analyser - Vario MACRO Cube,
N %wtdry 069 El
ementar
S %Wtdry 0-10
0 %wtdry 14.86
HHVwiine MJ/kg 28.52 Milne’s formula
LHVMiIne Mj/kg 27.83
Water holding capacity |g/g 4.8 ISO 14238: 2014 annex A
. o o 99 ISO 14820-2:2016
Residual at 105°C | % CEN/TS 17773: 2022
. o 1 ISO 14820-2:2016
Moisture content % CEN/TS 17773:2022
Cation exchange capacity /100 25.0 DM 13/09/99 GU248 21/10/1999 Met.XIII.
with Bacl, | Med/+Eus DM 25/03/2002 GU84 10/04/2002
Chlorides |mg/kgd.b. |43 CEN/TS 17758: 2022
- European Biochar Certificate (EBC,
pH @22,6 °C 17796 rope ficate (EBC)
logio(c(H*)) guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/kg d.b. <1.0
Cadmium Cd mg/Kg d.b. 0.6
Total chromium Cr mg/Kg d.b. 65.7
Phosphorus P mg/Kg d.b. 587.1 @
Manganese Mn mg/Kg d.o. 201.6 g ©
Mercury Hg mg/Kg d.b. <0.01 N N
Molybdenum Mo mg/Kkg d.b. <0.5 NS
Nickel Ni mg/Kg d.o. 3.1 N 3
Lead Pb mg/Kg d.b. 5.1 Q 8
Potassium K mg/kg d.b. 1010.9 LO“ 2
Copper Cu mg/kg d.b. 46.6 2
Thallium Tl mg/Kg d.b. <0.5
Vanadium |V mg/Kg d.o. 3.2
Zinc | Zn mg/Kg d.b. 68.9

Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements

PAH Unit Result Method

Acenaphthene |mg/kgqp. [<0.01
Acenaphthylene | mg/kgqn. |[<0.01
Anthracene |mg/kgdp. |<0.01
Benzo(a)anthracene |mg/kgdn. |<0.01
Benzo(a)pyrene |[mg/kgdn. |<0.01
Benzo(b)fluoranthene | mg/kgan. |<0.01
Benzo(ghi)perylene | mg/kgdp. |<0.01
Benzo(k)fluoranthene |mg/kgdp. |<0.01
Chrysene |mg/kgdp. [<0.01
Dibenzo(a,h)anthracene | mg/kgdn. |<0.01
Phenanthrene | mg/kgdb. |0.04
Fluoranthene |mg/kgdp. |<0.01
Fluorene |mg/kgdp. |<0.01
Indeno(1,2,3-cd)pyrene | mg/kgdp. |<0.01
Naphthalene |mg/kgdp. |0.11
Pyrene |mg/kgdn. |<0.01
Total EPA-PAH (by calculation) | mg/kgds. |0.14
Total EFSA-PAH (by calculation) | mg/kgdb. |<0.01

CEN/TS 1618: 2018
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The produced biochar from river woody debris could be used as animal feed or in
agricultural use as soil amendment (https://www.european-
biochar.org/media/doc/2/version_en_10_1.pdf). Also, based on its values of fixed carbon
content and calorific value it would also be appropriate to use in the steel industry as a
substitution of coal-based fuels

(https://www.sciencedirect.com/science/article/pii/S0016236123000145).

This project is co-funded by the European Union through the Interreg Alpine Space programme



JMCEl Co-funded by
HILCITICYy SN the European Union

Alpine Space

Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sutstainable Technologies GmbH (BEST) and gasification at
the Free University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced
biochars were analysed by National Institute of Chemistry (NIC), Water&Life Lab and unibz.
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Description of the biomass residue: Vine Prunings

The Vine Prunings (Figure 1) come from grape harvesting process and were provided by the
company Az. Agr. Corte Arano di Giovannini Mattia in Italy.

Figure 1: Vine nings

The vine prunings were analyzed by the Water & Life Lab S.r.l., Via Enrico Mattei n°37, 24060
- Entratico (BG) — ITALY. The analysis results can be summarized in three different groups,
shown in Table 1 to Table 3: General residue characterization, Heavy metal and inorganic
nutrient contents and Particle size analysis;

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/CI, heating value, bulk density. Particle size analysis covers the
particle size distribution of the biomass residues. Both general residue characterization and
particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue characterisation

Moisture content W-% d.b. 13.10+0.68 |1SO 14780: 2019; ISO 18134-1: 2015

Ash content at 550° W-% d.b. 3.61+0.44 ISO 14780:2019; I1SO 18122: 2016

Bulk density kg/m3 107 6 ISO 14780: 2019; ISO 17828:2016

Gross calorific value kWh/kg 4,5+0.1 ISO 18125:2018

Net calorific value kWh/kg 4.2 +0.1 ISO 18125:2018

Carbon W-% d.b. 46.4 1SO16948 2015

Chlorine W-% d.b. 0.02 +0.01 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% db. 6.0 1SO16948: 2015

Oxygen W-% db. 43.1 calculated - by difference

Nitrogen W-% d.b. 0.8 0.2 1SO016948: 2015

Sulphur W-% d.b. 0.07 £0.02 ISO 16994: 2017 Met A; ISO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents

Element Symbol Unit Result Method
Arsenic As W-% d.b. <0.4
Cadmium | Cd W-% d.b. <0.2
Total chromium Cr W-% d.b. 3.81.0
Manganese | Mn W-% d.b. 34.5 5.8
L
Mercury Hg W-% d.b. <0.04 S o g
N N
Nickel Ni W-% d.b. 2.4+0.7 S 0 -
® © Q
Lead |pb W-% d.b. 0.5 +0 E § =
_0,
Copper | cu W-% db. 11.7 3.3 23 3
Thallium Tl W-% d.b. <20 -
Zinc  |Zn W-% d.b. 37.346.3
Phosphorus P wW-% d.b. 1105.0 +186.8
Potassium K W-% d.b. 5685.1 +960.8

Table 3: Particle size analysis

Particle size Unit Result Method
Fraction < 3.15 mm W-% 1.27
Fraction 3.15 - 16 mm w-% 11.38
Fraction 16 - 31.5 mm w-% 7.46
Fraction 31.5 - 45 mm w-% 4.88 IS0 14780: 2019
Fraction 45 - 63 mm wW-% 1.31 150 16968:2015
ISO 6170: 2016
Fraction 63 - 100 mm w-% 22.14
Fraction > 100 mm w-% 51.46
Sum in % % 99.9
Coarse fraction over 31.5 mm w-% 79.79 SO 14780: 2019
. 0 :
Coarse fractfon over 45 mm W-OA) 74.91 S0 178271 2016
Coarse fraction over 63 mm w-% 73.6
Coarse fraction over 100 mm w-% 51.46

This project is co-funded by the European Union through the Interreg Alpine Space programme




Co-funded by
the European Union Alps4GreenC

nterreyg
Alpine Space

2 Biochar production
The production of biochar from vine prunings was performed using gasification technology.

The experimental setup
The experiments on a lab-scale gasifier (Figure Figure 2) were conducted on a reverse updraft
batch reactor at the Free University of Bozen-Bolzano, Italy.

- A
Figure 2: Lab-scale gasifier — mounted on weighing scale (L), during operation (R)

The biochar produced is shown in Figure 3.

h

Figure 3: Biochar produced from gasification of vine prunings

3 Biochar characterization and results

The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab S.r.l.. Biochar
characterizations performed at Water & Life Lab S.r.l. were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, cation exchange capacity, chlorides, PAH.
Biochar characterizations performed at unibz were: moisture content, ash content,
C/H/N/S/O and heating value. Biochar characterizations performed at NIC were: pH
measurements; The biochar analysis results are indicated in Table 4 to Table 6.

This project is co-funded by the European Union through the Interreg Alpine Space programme



Co-funded by
the European Union

Interreg

Alpine Space
Table 4: Biochar characterisation results
Parameter Unit Result Method
ISO 14820-2: 2016
_0
Moisture content w-% 4.08 CEN/TS 17773: 2022
ISO 14820-2: 2016
_0
Ash content | W d® 14.75 CEN/TS 17773:2022
C |w-%qp 81.51
H W-% 4.b 1.55 .
Elementar analyser - Vario MACRO
N W-% 4. 1.16
Cube, Elementar
S W-% d4.b 0.29
0 W-% d.b 0.74
HHVmiine MJ/kg 29.41 Milne’s formula
LHV miine MJ/kg 29.07
Water holding capacity |g/g 3.4 ISO 14238: 2014 annex A
ISO 14820-2:2016
. o 0
Residual at 105°C % 97 CEN/TS 17773: 2022
ISO 14820-2:2016
1 0,
Moisture content % 3 CEN/TS 17773:2022
. . . DM 13/09/99 GU248 21/10/1999
Cation exchange capaatva;/Eclh meq/100g | 19.0 MetXIIL.
2 DM 25/03/2002 GU84 10/04/2002
Chlorides mg/kg d.b. |219 CEN/TS 17758: 2022
. . European Biochar Certificate (EBC)
pH @ 24.5 °C logio(c(H*)) | 8.789 guideline

Table 5: Heavy metal and inorganic nutrients of the biochar

Element Symbol Unit Result Method
Arsenic As mg/Kg ab. <1.0
Cadmium Cd mg/kg a.. <0.5
Total chromium Cr mg/Kg ab. 11.3
Phosphorus P mg/Kg ab. 4 464.4 -
Manganese Mn mg/Kg db. 118.1 T o
Mercury Hg mg/kg an. <0.01 E §
Molybdenum Mo mg/Kg d.b. <05 § S
Nickel Ni mg/Kg db. 5.5 o §
Lead Pb mg/kg .. <05 g 9
Potassium K mg/kg a.. 21511.8 Q-
Copper Cu mg/kg a.. 23.5 -
Thallium Tl mg/kg .. <05
Vanadium | V mg/Kg d.b. <25
Zinc | Zn mg/Kg d.b. 113.2
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Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements
PAH Unit Result Method
Acenaphthene |mg/kgdnp. <0.01
Acenaphthylene [ mg/kgd.b<o.01. <0.01
Anthracene  |mg/kga.. <0.01
Benzo(a)anthracene mg/kgd.b. <0.01
Benzo(a)pyrene [ mg/kgan. <0.01
Benzo(b)fluoranthene | mg/kga.. <0.01
Benzo(ghi)perylene [ mg/kga.o. <0.01 «
Benzo(k)fluoranthene [ mg/kga.. <0.01 8
Chrysene  |mg/kga.. <0.01 g
Dibenzo(a,h)anthracene [ mg/kga.n. <0.01 ,_‘7,
Phenanthrene  [mg/kgau. <0.01 §
Fluoranthene |mg/kgan. <0.01 S
Fluorene |mg/kgaun. <0.01
Indeno(1,2,3-cd)pyrene  |mg/kgd.. <0.01
Naphthalene | mg/kgad.. <0.01
Pyrene |mg/kgan. <0.01
Total EPA-PAH (by calculation)  |mg/kgd.b. <0.01
Total EFSA-PAH (by calculation) | mg/kga.b. <0.01
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Certificat nalysis_.

Biomass residue and r producerom it

Alps4GreenC aims at implementing transnational value-chains in the Alpine territories to
facilitate the development and implementation of bio-economy focusing mainly on the
sustainable production and utilization of green carbon especially, biochar. In the course of the
activity 1.3 - Practical testing and pilot production of green carbon a certificate of analysis was
prepared. This certificate presents the biomass residue analysis results, the biomass
conversion technology adopted, and the biochar analysis results. The biomass residues were
kindly provided by the participants in the crowdsourcing campaign.

The biomass residues were first analysed by Water&dLife Lab, then converted into biochar via
pyrolysis at BEST — Bioenergy and Sutstainable Technologies GmbH (BEST) and gasification at
the Free University of Bozen-Bolzano (unibz), respectively. Subsequently, the produced
biochars were analysed by National Institute of Chemistry (NIC), Water&Life Lab and unibz.
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The wood chips (WC) (Figure 1) come from broadleaf forestry sites and were provided by the
company Biomass Green Energy srl in Italy.

Figure 1: Wood ch/ps from broadleaf forestry sites in Italy

The wood chips were analyzed by the Water & Life Lab S.r.l., Via Enrico Mattei n°37, 24060 -
Entratico (BG) — ITALY. The analysis results can be summarized in three different groups,
shown in Table 1 to Table 3: General residue characterization, Heavy metal and inorganic
nutrient contents and Particle size analysis;

General residue characterization covers moisture content, ash and volatile matter content,
elemental analysis for C/H/N/S/Cl, heating value, bulk density. Particle size analysis covers the
particle size distribution of the biomass residues. Both general residue characterization and
particle size distribution were necessary to determine the suitability of the residues as
received or the need of a pretreatment step. Moreover, heavy metal and nutrient analysis
were performed in order to evaluate, if any elements are influenced by the thermochemical
conversion, either through emission or contamination.

Table 1: General residue characterisation

Paramter Unit Result Method

Moisture content W-% d.b. 29.89 £1.55 ISO 14780: 2019; ISO 18134-1: 2015

Ash content at 550° w-% d.b. 3.61+0.44 ISO 14780:2019; ISO 18122: 2016

Bulk density kg/m?3 246 +15 ISO 14780: 2019; ISO 17828:2016

Gross calorific value kWh/kg 3.5+0.1 ISO 18125:2018

Net calorific value kWh/kg 3.310.1 ISO 18125:2018

Carbon W-% d.b. 46.0 1SO16948 2015

Chlorine W-% d.b. 0.01 +0.01 ISO 16994: 2017 Met; ISO 10304-1: 2009
Hydrogen W-% d.b. 6.0 1SO016948: 2015

Oxygen W-% d.b. 43.9 calculated - by difference

Nitrogen W-% d.b. 0.5 1SO016948: 2015

Sulphur W-% d.b. 0.05 +0.02 ISO 16994: 2017 Met A; ISO 10304-1:2009
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Table 2: Heavy metal and inorganic nutrient contents
Element Symbol Unit Result Method
Arsenic | As W-% d.b. <04
Cadmium cd W-% d.b. 0.3+0.1
Total chromium Cr W-% a.p. 2.8 0.7
Manganese Mn W-% d.b. 15.6 2.6 o ©
Mercury | Hg W-% d.b. <0.04 § § §
Nickel Ni W-% db. 14104 3 8 S
Lead |Pb W-%a.  |0.50.1 583
Copper |Cu W-% d.b. 5.8+1.6 2 3 3
Thallium | T] W-%dp <20 -
Zinc | Zn W-% db. 29.4 5.0
Phosphorus | P W-% d.b. 540.1 +91.3
Potassium K W-% d.b. 2638.9 +446.0

Table 3: Particle size analysis

Particle size Unit Result Method
Fraction < 3.15 mm W-% 3.66
Fraction 3.15- 16 mm w-% 27.18
Fraction 16 - 31.5 mm w-% 50.42
Fraction 31.5 - 45 mm w-% 9.85 ISO 14780: 2019
ISO 16968:2015
Fraction 45 - 63 mm w-% 1.95 SO 6170: 2016
Fraction 63 - 100 mm w-% 0
Fraction > 100 mm w-% 5.08
Sumin % % 98.14
Coarse fraction over 31.5 mm w-% 16.88 S0 14780: 2019
Coarse fraction over 45 mm w-% 7.03 50 17827:1: 2016
Coarse fraction over 63 mm w-% 5.08
Coarse fraction over 100 mm w-% 5.08
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Biochar production
The production of biochar from wood chips was performed pyrolysis.

The experimental setup
The lab-scale pyrolysis (Figure 2) was performed on a rotary kiln, located at BEST in

Wieselburg, Lower Austria.

Py

Figure 2: The used rotary kiln systerh, with the feedstock storage marked in red

The biochar produced is shown in Figure 3.

Figure 3: Biochar produced from pyrolysis of wood chips

Biochar characterization and results

The biochar samples were characterized at the National Institute of Chemistry (NIC), at the
Free University of Bozen-Bolzano (unibz) and at the Water & Life Lab S.r.l.. Biochar
characterizations performed at Water & Life Lab S.r.l. were: Heavy metal and inorganic
nutrients, water holding capacity, residual at 105 °C, cation exchange capacity, chlorides, PAH.
Biochar characterizations performed at unibz were: moisture content, ash content,
C/H/N/S/O and heating value. Biochar characterizations performed at NIC were: pH
measurements; The biochar analysis results are indicated in Table 4 to Table 6.
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Table 4: Biochar characterisation results

Co-funded by
the European Union

Parameter Unit Result Method
ISO 14820-2: 2016
Moisture content w-% 29.83 CEN/TS 17773: 2022
o 3.61 ISO 14820-2: 2016
Ash content | Wb CEN/TS 17773:2022
C W-% 4.b 46.0
H W-% d.b 6.0 .
Elementar analyser - Vario MACRO
N W-% db 0.5
Cube, Elementar
S W-% 4. 0.05
0 W-% db 43.9
HHVwiine MJ/kg 26.92 Milne’s formula
LHVmine | MJ/kg 26.29
Water holding capacity |g/g 2.4 ISO 14238: 2014 annex A
. o ISO 14820-2:2016
Residual at 105°C % 92 CEN/TS 17773: 2022
Cation exchange capacity with meq/100g 3.6 I?Al\élt.l)fil/l?g/gg GU248 21/10/1999
BaClz DM 25/03/2002 GU84 10/04/2002
Chlorides mg/kg d.b. 150 CEN/TS 17758: 2022
oH @ 245°C | -loguo(c(H")) 6.865 European Biochar Certificate (EBC)

guideline
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Table 5: Heavy metal and inorganic nutrients of the biochar
Element Symbol Unit Result Method
Arsenic As mg/Kg db. <1.0
Cadmium Cd mg/Kg ab. <05
Total chromium Cr mg/kg ax. 6.4
Phosphorus P mg/kg d.b. 1782.6 @
Manganese Mn mg/kg .. 40.1 %o
Mercury Hg mg/kg a.b. <0.01 § §
Molybdenum Mo mg/Kg d.b. 0.7 § S
Nickel Ni mg/Kg d.b. 3.8 R' §
Lead Pb mg/kg ab. 1.1 § Q
Potassium K mg/Kg ab. 8120.6 Q -
Copper Cu mg/Kg d.b. 15.8 B
Thallium Tl mg/Kg ab. <1
Vanadium |V mg/Kg ab. <25
Zinc [ Zn mg/Kg d.b. 90.0

Table 6: Results of the polycyclic aromatic hydrocarbons (PAHs) measurements

PAH Unit Result Method

Acenaphthene mg/Kgd.o. 0.11

Acenaphthylene | mg/kgd.. 0.08

Anthracene | mg/kgan. 0.37

Benzo(a)anthracene mg/kga.. 0.05

Benzo(a)pyrene | mg/kgdn.  |0.03

Benzo(b)fluoranthene | mg/kgd.p. 0.02

Benzo(ghi)perylene | mg/kga.. 0.02

Benzo(k)fluoranthene | mg/kga.s. 0.01

Chrysene | mg/kgan. 0.07

Dibenzo(a,h)anthracene | mg/kgas. |0.01

Phenanthrene | mg/kga.. 1.22

Fluoranthene | mg/kga.. 0.21

Fluorene | mg/kgan. 0.79
Indeno(1,2,3-cd)pyrene | mg/kga.o. <0.01

Naphthalene | mg/kgad.. 0.01

Pyrene | mg/kgu.. 0.26

Total EPA-PAH (by calculation) | mg/kga.. 3.30

Total EFSA-PAH (by calculation) | mg/kga.. 0.2

CEN/TS 1618: 2018
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