£5” MEVA ENERGY

AgRawGas

Oat husk as a raw material in the production of renewable biosyngas

Participating parties Meva Energy, Essity, Perstorp, RISE and Scandbio

With financial support from Klimatledande processindustri D KLIMATLEDANDE
PROCESSINDUSTRI

3 St SCANDBID

{7 MEVA ENERGY €& esSity |E

Meva Energy AB Backa Bergbgata 18
Corporate identity no. 556720-8474 SE-422 46 Hisings Backa
WWww.mevaenergy.com Sweden




AgRawGas - Oat husk as a raw material in the production of renewable biosyngas

TABLE OF CONTENTS

1 SUMMARY ettt ettt ettt e e e e e sttt et e e e e e bb ettt e e e e ea e e e aeteeeeaa s antebeteeeeaasaanreabaaeeeesananns 4
ADDIEVIGTIONS ...ttt st st e sh e et a e ne e ne e ene e et e beenneens 6
Chemical Compounds (Syngas Components and SPECIES) .....cccuureiiecueereiiiiiieeeecieeeeecre e e eesraeeeesraee e 6

2 PROJECT DESCRIPTION ...uuiitttttetieeiieitttee e e ee e eitttte e e e e s s s e eusetbeeeeesssssassbaeeeeeassaasssnraeaeeesassasnsnseaeeessansnns 7
2.1 F N1 0 T Y Yo Ie] o T =Tt 4 AV T SRURR 7

3 Technical Description — Meva Energy’s Gasification Plant in Kisa .........ccccceeviiieeieiviee e, 7
3.1 VT B - TaTo | o= SR UURRS 8
3.2 LCF: 1) 11T PP OO PRT PP VPSRRI 8
33 Gas CO0lING AN ClEANING.....cco e e e e e e e e e e e e e e e e nareaeaeaeas 9
3.4 N YUY o] ] YRR 9
3.5 Va1 I UL 12 Y o SRR 9

4  Campaign with oat husks with standard pellet as reference........ccccccoveeieccei e, 9
4.1 OpPeration With PeIIET.........ui e et e e e e e e e 10
4.2 Operation With 0at NUSKS.........eeiiiiieee e e e e e e e e e ee e e 11
4.3 Summary of results fromM WP ... ...t e e e ee e e e e e e e rrrrae e e e e s 12

4.3.1 Fuel handling and preparation .........cccivee et eeare e e 12
e A CF- 11 T=T o] o T=T - | 4 (o Yo W TSP UUSRN 13
TN TV o ¥ = L3 oo Y 0 o Yo 13 L o o TSP 14
4.3.4  Gasification effiCiENCY ... e e a s 16
4.3.5 Operational Stability .......occiiiiee e 17
4.3.6  Biochar quality and qUaNTity .......cccceeiiiiiiei i et 18
4.3.7  SOlid WaSte SErEAMS ....ccuiiitieitieree ettt sttt ettt e sr e e e sar e 19
4.3.8  EXCESS WALEK .eeeiiiiiiieiee ettt ettt e s e e s er e st e e s e e s e e s ee s s ereeeenans 20
4.3.9 MA&EB and carbon balance for both wood pellet and oat husks..........ccccceeeeeiiiciiinnnnnn. 20

5 0BT HUSK et st st sr e st 22
5.1 WHY USING 0@t NUSK? ...eeeiiciiiee ettt et ee e s te e e et ae e e e ertaeeesnnbeeeeeans 22
5.2 Availability of 0at SHEIIS. .....uviiiiieee e et e e e 22
5.3 WHhere are 0ats PEEIEU........cuii i e e e e e e e e e ae e e e e e e e e sanenreees 22
5.4 How to transport them in the DeSt Way ... 23
55 Storage at gasification Site. .....ccviii i e 23
5.6 Other thoughts about 0at hUSK ......c.ueiiiiie e 23

(ST = Yo Tol s - | TSP P PP PO SOPOPROP 23
6.1 Comparison between wood pellets-based biochar and oat usk-based biochar.................. 23

6.1.1 Elemental composition and physical properties .........cccoveeeeee v, 23

27 MEVA ENERGY Page 2/28



AgRawGas - Oat husk as a raw material in the production of renewable biosyngas

6.1.2  PAH CONTENT ..ottt 24
6.1.3  SPECIfiC SUIAaCE ArEa (SSA) ...uei ittt et eare e e e e te e e e e arae e e eres 24

6.2 Potential application areas of the oat husk-based biochar.........cccccvviveeieiiinniiiiiiie e, 24

7  How to use the biosyngas from 0at hUSK .........cceeiiviiiiiiie e 25
7.1 ORI T V014 LT S == SRS 25
7.2 USE @S @ NYAIOZEN SOUICE ....viiiiieieeeieeciiiiiee e e e e e eestttree e e e e e e e etrabeeeeeeeeseesssbeeseeeeeessnnnneesseesasenanes 26
7.3 Use as UL IN DOIIEIS ...t 26
7.4 Use of syngas in the drying process and steam production from oat hull ......................... 26
TAL  QUANLY coeeeee e st st st e e s rte e e bt e e sabe e e bae e s beeeabeesabaeeas 26
7.4.2  ENVIroNMENtal @SPECLS ..vviiiciieeeiiiiee et ettt e e ste e e e stre e e e e rabae e e e saee e e e e be e e e eanraee e ennees 26
7.4.3  Technical reqUIrEMENTS ... ..uiii i e e e e e st e e e e e e e e snatrteeeeeeeeeennns 27
TAL  ASSESSIMENT ...ttt e s e s e s e e s e e e e re e e e s e e e e sane e e e e s 27

8  Conclusions and fULUINE WOTKS .......eeeiriiiie et e 27

27 MEVA ENERGY Page 3/28



AgRawGas - Oat husk as a raw material in the production of renewable biosyngas

1 SUMMARY

This project has investigated the possibilities of gasifying agricultural residues at high temperatures
(950°-1000°C) and how the syngas and biochar created can be used. The agricultural residue used in
the test is oat husks. The project has included a full-scale gasification test of oat husks at Meva
Energy's plant in Kisa. Oat husks were delivered in pellet form and therefore no adaptation of the
plant in Kisa was needed for the test.

Oat husks are commercially available both as powder and in pelletized form, and there are well-
established logistics and storage solutions on the market that can readily be utilized. In our test
campaign, both the grinder and the feeding system operated without any issues.

The availability of oat husks may place an upper limit on the total syngas production capacity.
However, several other agricultural residues, such as wheat husks or straw, represent potential
complementary feedstocks. Although dedicated tests are required to determine their behaviour in
the gasifier, the successful results with oat husks indicate that these materials are promising
candidates as well.

Oat husks were successfully gasified in the Meva gasification plant in Kisa which is rated for 4.5 MW
syngas output. Over a 17-hour period, 15 tonnes of oat husks were processed without interruption,
and the overall mass and energy balance showed good closure. Plant operation was largely
comparable to that with standard pellets: fuel handling worked well, reactor temperatures were
similar, and the gas cleaning system operated stably. An elevated pressure drop was observed in one
section of the gas cleaning system, indicating possible fouling. The syngas production efficiency was
somewhat lower for oat husks but is likely to improve with further optimization.

An unwanted reduction in particle separation efficiency within the gasifier was observed during the
campaign with oat husks. This led to a lower biochar yield and a higher particle load on the
downstream gas-cleaning system, resulting in higher quantities of carbon-rich tar effluents. The most
likely explanation for the reduced separation efficiency is the lower particle density of oat husk char
relative to char produced from standard pellets, which likely affects the hydrodynamic behaviour and
cyclone performance. Further investigations, in future projects, are required to confirm this
hypothesis and to clarify the underlying mechanisms.

The produced syngas had a lower heating value than that obtained from wood pellets, but it
remained within the acceptable range for use in industrial burners. With the current Meva gas
cleaning system, purified syngas from oat husks does not contain higher particle levels, but it does
exhibit elevated concentrations of nitrogen- and sulphur-containing contaminants originating from
the fuel. Depending on end user requirements, additional cleaning steps, either for the syngas or for
the flue gas, may therefore be necessary.

Perstorp and Essity have evaluated how they can use the syngas produced from oat husk. They have
used the results from the test in Kisa as baseline for this. Both Perstorp and Essity see that it is
possible for them to use the gas to produce heat and replace natural gas that is used today. Apart
from syngas modifications to the syngas distribution and burners; NOx and SOx cleaning might be
required.

A reduced quantity of biochar was obtained, characterized by lower carbon content and calorific
value, but with an increased ash fraction. The concentration of polycyclic aromatic hydrocarbons
(PAHSs, $PAH;6) was also higher (12 mg kg™') compared with biochar from wood pellets.
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We believe that part of the biochar was instead collected as tar reject. This is considered likely since
oat husk has a lower particle density than wood, and lighter particles are inherently more difficult to
separate from the gas stream than denser ones.

Process optimisation, primarily aimed at improving particle separation in the cyclone, could likely
increase the amount of biochar recovered. However, it remains uncertain how such optimisation
would influence the composition of the biochar, including carbon content, ash fraction and other key
quality parameters. Further optimisation should also be able to reduce the remaining polycyclic
aromatic hydrocarbons (PAHSs) in the biochar to levels below the European Biochar Certificate (EBC)
limit values. This indicates good potential for using the biochar in most applications, except for
metallurgical processes.

More tests with oat husks and other Agricultural biomass are needed to optimize the gasification
process and to understand the behaviour of low density char particles in the gasifier. The data from
this report can be used as a design basis to allow the Kisa plant to operate on agricultural resides or a
basic design of a green -field plant. However, such work needs to be combined with additional
gasification tests, in Kisa or in a dedicated pilot plant.

One opportunity is to co-gasify agricultural residues with standard wood pellets. The higher
concentrations of alkali and other inorganic species in oat husks could enhance the overall char
reactivity in gasifier. Such fuel blending may therefore combine the favourable properties of both
feedstocks and improve overall gasifier performance.

The project has been funded by the Climate-leading Process Industry
(www.klimatledandeprocessindustri.se) initiative, which is conducted within the West Sweden
Chemical and Materials Cluster. Meva Energy has run the project, and the project has also included
representatives from RISE, Scandbio, Essity and Perstorp.
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Abbreviations
Abbreviation
ar

Bar(g)
BET

CGE

AP

dry

EBC

EBC Basic
EBC FeedPlus
EBC AgroOrganic
GC

HHV

kg/h

kw

LHV

mg/kg
mg/L
micro-GC
MW

Nm3

NOy

PAH / PAHs
2PAHq6
PDQ

ppm
SSA

SPA tars
TGA
TI/TIZ
wt-%
WP1
M&EB

Definition

As received (moisture-inclusive basis)

Bar Gauge pressure
Brunauer—-Emmett—Teller method for determining
specific surface area

Cold Gas Efficiency

Differential pressure

Dry basis (moisture-free basis)

European Biochar Certificate

Biochar quality class according to EBC Standard 10.5E
Feed-grade biochar standard under EBC
Agricultural-grade biochar standard under EBC
Gas Chromatography

Higher Heating Value

Kilograms per hour

Kilowatt

Lower Heating Value

Milligrams per kilogram

Milligrams per litre

Micro gas chromatograph

Megawatt

Normal cubic metre (0 °C, 1 atm)

Nitrogen oxides

Polycyclic aromatic hydrocarbons

Sum of the 16 priority PAH compounds
Differential pressure measurement tag
(instrumentation)

Parts per million

Specific Surface Area

Semi-Polar Aromatic tars (GC-analysed tar fraction)
Thermogravimetric Analysis

Temperature measurement instrument tags
Weight percent

Work Package 1

Mass and Energy Balance

Chemical Compounds (Syngas Components and Species)

Abbreviation
co
CO,
H>
CH,4
CaH»
CyHq
CaHs
CeHe
HCN
NHs
H,S
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Chemical Name
Carbon monoxide
Carbon dioxide
Hydrogen
Methane
Acetylene
Ethylene

Ethane

Benzene
Hydrogen cyanide
Ammonia
Hydrogen sulphide
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Cos Carbonyl sulphide
N> Nitrogen
He Helium

2 PROJECT DESCRIPTION

Succeeding in transforming industry, away from dependence on fossil fuels, is one of the most
difficult challenges in achieving the climate goals. Meva Energy has developed a technology that can
replace fossil gas in industry by the production of biosyngas through gasification of biomass. The
technology has so far only been realized in commercial scale using wood-based biomass as fuel.
However, there is a great environmental and commercial interest in using other types of biomass
than forest-based ones. The short rotation time for agricultural fuels is particularly interesting from a
climate perspective. Western Sweden has a large agricultural sector with by-production of
agricultural residues such as husks and straw, which today has a low utilization rate. The parties are
not aware of any commercial plant for the production of biosyngas based on agricultural residues.
This is Sweden's first project proposal that takes this technology in such a direction.

2.1 Aims and objectives
1. Evaluate the use of oat husk residues as a raw material in the production of renewable
biosyngas with measurement of gas quality, evaluation of process parameters and
measurement of biochar quality. Verification are to be done in Mevas full-scale plant in Kisa,
Sweden.

2. Evaluate logistics chains, fuel preparation and material flows when using oat husk residues as
fuel.

3. Evaluate the quality of biochar, based on oat husk residue (as opposed to conventional
biochar from wood raw material), and assess how this can be used in the best way in West
Sweden.

3 Technical Description — Meva Energy’s Gasification Plant in Kisa

Meva Energy’s plant in Kisa, Sweden, produces renewable syngas from woody biomass. The syngas is
used as an energy source in Sofidel’s tissue production facility, replacing fossil LPG in the drying
hoods burners. The process is based on Meva’s cyclone gasification technology, enabling efficient
conversion of biomass to syngas and biochar. The process can be divided in three main areas, fuel
handling, a 6.5 MW gasifier and gas cleaning. The process is shown in Figure 1.
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Figure 1. Meva gasification system. Inputs in red, outputs in blue, SP=Sampling Point

3.1 Fuel Handling
Wood pellets are transported from the pellet silos to a disc-mill and from there the powder is
transported to the feeding tanks through screw conveyors and elevators. The powder dosing is
performed by a multi-screw Tomal feeder which ensures a continuous and stable feeding rate. The
wood powder is pneumatically transported from the feeder unit into the gasifier via the air-fuel
feeding pipe. The conveying air i.e. the primary gasification agent is preheated before it is blended
with the milled biomass.

3.2 Gasifier

The reactor is an entrained-flow type cyclone gasifier operating at 950-1000 °C and a pressure of
0.6—0.7 bar(g). Gasification is a form of sub-stoichiometric combustion, where the supplied air is
intentionally kept below what is required for complete oxidation of the fuel. Under these conditions,
the solid fuel is thermochemically converted into a combustible gas mixture (syngas) rich in CO, H,,
CH,, and lighter hydrocarbons.

In the Meva process, air is used as the gasifying medium and is introduced tangentially at the top
with an inlet velocity of approximately 30 m/s, generating a strong swirl that enhances particle
separation and residence time. A portion of the gasification air is also injected below the main
fuel/air inlets. The air-to-fuel ratio, expressed as lambda, typically ranges from 0.24 to 0.30. Lambda
represents the ratio of actual air supply to the air required for stoichiometric, complete combustion;
thus, lambda values below 1 implies sub-stoichiometric conditions necessary for gasification.

For efficient conversion of biomass to syngas, the fuel should meet certain requirements, including a
particle size distribution with 90% of the particles below 90 um and a maximum moisture content of
10%.
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3.3 Gas cooling and cleaning
The hot syngas exits the gasifier from the top and passes through several cleaning and cooling stages:

e Quench: Rapid cooling of the raw syngas to about 90 °C.

e Venturi scrubber: Removal of fine particles and tar aerosols through high-velocity gas—liquid
contact.

e Scrubber: Further washing and cooling to 50 °C. Water is used as scrubber liquid.

e Superheater: Reheating of the cleaned gas above the water dew point to minimize the risk of
condensation in the syngas distribution system.

e Police filter: Final removal of trace particles

The water from the quench and scrubber, containing tars, soot, char and ash, is treated in a
centrifuge and in filters. The reject from the centrifuge is discharged to a container with a future
option to recirculate it to the gasifier for enhanced overall efficiency and minimise disposal costs.
Excess water is bled-off and treated in a waste water unit before being sent to the municipal
wastewater system.

Any gas not utilized by Sofidel is flared off. As a safe-guard a small cyclone is positioned on the syngas
line before the flare.

3.4 Air Supply
The gasifying air is provided by a compressor, allowing precise control of the air-to-fuel ratio and
reactor temperature. Air is supplied to the gasifier as primary air as well as secondary air. The
secondary air is blown into the gasifier just below the main fuel inlets.

3.5 Syngas Utilization
The clean and cooled syngas is transported through a pipe to Sofidel’s tissue paper factory, where it
is combusted in dual-fuel burners supplying heat to the Yankee hoods, the high-temperature drying
hoods positioned above the large rotating Yankee cylinder in the tissue machine. The syngas replaces
fossil LPG gas and enables a fully renewable thermal energy supply.

4 Campaign with oat husks with standard pellet as reference

The primary objective of WP1 was to conduct an initial evaluation of whether oat husks can serve as
a viable fuel for the Meva gasification system. The standard Meva fuel, wood pellets, was used as a
reference.

From a process perspective, evaluating a new fuel is a multifaceted task. It involves several aspects
including fuel handling and milling, feedstock dosing behavior, gasification performance and
efficiency, as well as potential impacts on the gas cleaning section and any modifications that may be
required. Long-term operation is particularly important to assess the risk of scaling and fouling,
which could adversely affect plant availability.

Equally important is to assess how a fuel switch influences auxiliary systems and the formation of co-
and by-product streams. At the Kisa plant, the main co-product is biochar, which represents a
valuable output from the process. In addition, waste streams such as water and tar (hereafter
referred to as decanter reject), police filter particles and flare-cyclone particles are produced.
Changing the fuel will inevitably affect the composition, properties, and quantities of these streams.
Consequently, the handling and treatment may have to be modified when changing fuel.
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Within this work package, the comparison between the two fuels, standard pellets and oat husks was
based on the following criteria:

Fuel handling and preparation: This includes filling and storage of pellets in silos,
transportation by screws and elevators, milling and feeding behaviour.

Gasifier operation: Reactor stability, performance and temperature profiles were evaluated
during operation.

Syngas composition: Determined through gas bag sampling and analysis of non-condensable
components, including H,S and COS. In addition, HCN, NH3 and SPA tar concentrations were
measured, as well as particle content and particle size distribution. All measurements of
syngas composition were conducted upstream of the police filter.

Gasification efficiency: Determined as the cold gas efficiency (CGE), defined as the ratio
between the energy flowin the produced syngas on lower heating value (LHV) basis and the
energy flow in the supplied biomass (LHV basis). Note that potential contribution from
combustible organic components, e.g. tars, and sensible heat is not included in the definition
of CGE. For accurate syngas flow measurements, helium (He) was injected as an internal
standard before the gasifier.

Operational stability: Evaluated by monitoring pressure drops in critical sections of the
syngas piping system to identify possible fouling or material build-up.

Biochar quality and quantity: Characterized based on elemental composition, ash content,
moisture, metal concentrations, and PAH content. Specific surface area and pore size
distribution were also determined.

Solid waste streams: Composition and quantity of solid waste streams were determined and
compared.

Process water composition and quantity of bleed-off water: In the Kisa plant, this stream is
treated prior to discharge to the municipal wastewater system. To assess whether the
existing system could handle water from gasification of oat husks, the following parameters
were analyzed: metals, PAH, N, and pH.

Based on the measured flow rates and their respective compositions, overall mass and carbon
balances were established for the entire process. The purpose of these balances was to verify the
consistency and accuracy of the measurement data and to ensure that the obtained results are

physically and chemically reasonable.

4.1 Operation with pellet
The reference campaign using standard wood pellets was conducted during week 26 2025, with
detailed measurements and sampling performed on 25—-26 June 2025. Operational data presented in

this report refer to this period. The fuel consisted of commercial wood pellets supplied by Scandbio.
The fuel composition is shown in Table 1 and the particle size distribution of the milled fuel (with a
disc mill setting of 1 mm), determined using a CamSizer, is presented in Figure 2. Approximately 71 %
of the fuel particles were smaller than 1 mm.
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The target during this campaign was to operate the gasifier under standard operating conditions,
corresponding to a fuel feed rate of 950 kg/h (73% of the plant capacity) and a gasification
temperature (here referred to as syngas outlet temperature from gasifier) of 950-1000 °C. The
gasification temperature was controlled by adjusting the lambda value, i.e., the air-to-fuel ratio
supplied to the gasifier.

4.2 Operation with oat husks
The gasification campaign with oat husks was conducted on 11 September 2025. The fuel consisted
of pelletized oat husks supplied by Scandbio. The fuel composition and key properties are also
presented in Table 1, while the particle size distribution of the ground fuel, determined using a
CamSizer, is shown in . The size distribution was very similar to that of milled standard pellets with
approximately 75% of the fuel particles smaller than 1 mm. shows the two pellets and grinded oat
husk.

Compared with the reference fuel (standard wood pellets), the oat husk pellets contained
substantially higher levels of ash and moisture, as well as elevated concentrations of sulphur (S) and
nitrogen (N). High ash and moisture result in lower heating value (LHV, MJ/kg as received) for oat
husks compared to the reference fuel.

Among the ash-forming elements, oat husks are particularly rich in silicon (Si), potassium (K), and
magnesium (Mg), the latter two being known to exhibit catalytic activity under gasification conditions
when present in the gas phase. The ash melting behaviour of the two fuels was generally similar,
although the shrinkage temperature was lower for the oat husks.

During the test, the targeted fuel feed rate of oat husks was 950 kg/h with a syngas temperature
from the gasifier at 950-1000 °C. The rationale behind this temperature setting was to reach a level
at which alkali metals could partially evaporate and exhibit catalytic effects, while still avoiding ash
melting or slag formation. Therefore, a gasification temperature of 950-1000 °C was considered
reasonable for this campaign.

Table 1. Composition and ash fusion behaviour of standard wood pellets and oat husks

Parameter Unit Wood Pellets Oat Husk Pellets
(Scandbio 2025) (Scandbio 2025)

Moisture wt-% (ar) 6.8 9.8

Ash (dry) wt-% 0.5 4.4

Sulfur (S) wt-% (dry) 0.01 0.09

Carbon (C) wt-% (dry) 50.8 47.3

Hydrogen (H) wt-% (dry) 6.1 6.2

Nitrogen (N) wt-% (dry) 0.06 0.89

Oxygen (O, diff.) wt-% (dry) 43 41

HHV (constant volume) MJ/kg (dry) 20.25 18.82

LHV (constant pressure) MJ/kg (dry) 18.92 17.47

Major Elements

Silicon (Si) wt-% 0.030 1.3
Parameter Unit Wood Pellets (Scandbio Oat Husk Pellets
2025) (Scandbio 2025)
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Parameter Unit Wood Pellets Oat Husk Pellets
(Scandbio 2025) (Scandbio 2025)
Iron (Fe) wt-% 0.005 0.0034
Manganese (Mn) wt-% 0.014 0.006
Magnesium (Mg) wt-% 0.019 0.084
Calcium (Ca) wt-% 0.16 0.12
Sodium (Na) wt-% 0.005 <0.02
Potassium (K) wt-% 0.053 0.47
Phosphorus (P) wt-% 0.010 0.19
Trace Elements
Cadmium (Cd) mg/kg 0.1 0.1
Chromium (Cr) mg/kg 0.4 0.3
Copper (Cu) mg/kg 1 3
Molybdenum (Mo) mg/kg <0.1 0.6
Nickel (Ni) mg/kg 0.2 0.9
Zinc (Zn) mg/kg 15 28
Ash Fusion Behavior
Shrinkage (SST) °C 1170 815
Deformation (DT) °C 1390 1340
Hemispherical (HT) °C 1470 >1500
Fluid (FT) °C 1470 >1500

Particle size

120
100
80
60
40
20

0
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

Cumulative (%)

——0Oat husks ——Standard pellets

Figure 2. Particle size distribution of milled reference
pellet and milled oat husk pellet. Particle size is given in
mm.

Figure 3. Standard pellets (left), oat husk pellet
(right) and grinded oat husk (top)

4.3 Summary of results from WP1
A summary of key results is presented below.

4.3.1 Fuel handling and preparation

The oat husk pellets used in the campaign exhibited lower mechanical durability compared with
Meva’s standard wood pellets. This raised some initial concerns that the pellets might disintegrate or
generate excessive fines during filling of the pellet silo or during pneumatic and mechanical
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conveying to the disc mill. Excessive pulverisation could potentially lead to bridging or uneven
discharge from the silo, reduced feeding stability in the screw conveyors, and variations in the
powder feed rate to the gasifier.

During operation, however, no significant handling problems were observed. The pellets retained
enough durability during silo filling and conveying, and no accumulation of fines or blockages was
noted. The milling behaviour in the disc mill was stable, and the produced powder showed a particle
size distribution consistent with expectations based on laboratory tests.

The pneumatic transport of milled powder from the disc mill to the feeder also performed well. The
conveying line maintained full capacity without signs of pressure build-up, or variation in flow.
Feeding to the gasifier was the same with oat husks as for standard pellets, confirming that the
system could handle oat husk powder with similar operational stability as for standard wood pellets.

4.3.2 Gasifier operation

Fuel feeding rate during the two campaigns are shown in Figure 4 and Figure 5.
Fuel flow standard pellets Fuel flow oat (kg/h)
980 with density of 365 kg/m3
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Figure 4. Fuel flow when operating on wood pellets Figure 5. Fuel flow when operating on oat husks

During operation with wood pellets the plant was operating at 73% capacity which corresponds to a
fuel flow rate of 954 kg/h wet i.e. 885 kg/h dry fuel (4606 kW).

Operation with oat husk was started at a higher fuel flowrate, 1070 kg/h which was reduced to about
880 kg/h and then increased to 950 kg/h later during the campaign.

The lambda value and the gasification temperatures are shown in Figure 6 and Figure 7.
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2”7 MEVA ENERGY Page 13/28



AgRawGas - Oat husk as a raw material in the production of renewable biosyngas

89The lambda value during operation on reference pellets were stable, around 0.24, whereas
operation on oat husks resulted in slightly higher lambda values of 0.26—0.29. When operating on
standard pellets, both the lambda and fuel feed were constant, resulting in reasonable stable
temperature profile. In contrast, the oat husk campaign was shorter and exhibited larger variations in
both lambda and fuel load, which caused a more unstable temperature profile.

The syngas outlet temperature (TI-2042) was about 980-1000 °C for both fuels. The average top
reactor temperature was approximately 950 °C for oat husks and 800-900 °C for pellets. The mid-
section temperature was similar for both fuels, around 700 °C, while the bottom temperature was
somewhat higher for oat husks (600 °C) than for pellets (500 °C).

This difference in temperature distribution indicates a minor change in flow dynamics and/or
reaction chemistry, potentially related to the different ash composition and reactivity of oat husks
compared with wood pellets.

4.3.3 Syngas composition
Table 2 below summarizes the gas composition from gas bag sampling and GC-analysis as well as
data for NH3 and HCN. Dry gas flow was determined by injecting He as internal standard.

Table 2. Syngas composition and calculated gas flows during operation with standard pellet. LHV was calculated from the
LHV for the individual gas components. The bags were sampled within +10 minutes of the given time.

2025- 2025- 2025- 2025- 2025- 2025- 2025- 2025- 2025- 2025-
06-25 06-25 06-25 06-26 06-26 06-26 06-26 06-26 06-26 06-26
12:10 12:10 12:10 10:00 10:00 10:00 10:00 15:30 15:30 15:30

He 0,07 0,07 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06
H2 10,57 10,77 10,29 10,62 10,14 10,39 10,62 10,34 9,56 8,86
N2 50,42 50,17 50,83 49,81 50,19 49,56 49,83 50,17 50,61 50,44
co 18,8 18,85 18,75 19,03 19,00 19,2 19,02 19,11 19,1 19,43
CH4 3,49 3,51 3,43 3,63 3,57 3,74 3,63 3,62 3,57 3,69
c0o2 12,86 12,76 12,77 12,96 13,14 13,09 12,98 12,75 13 13,28
C2H4 0,76 0,76 0,72 0,7 0,66 0,75 0,7 0,81 0,79 0,85
C2H2 C2H6 0,38 0,38 0,38 0,39 0,40 0,40 0,39 0,38 0,39 0,39
C6H6 0,23 0,20 0,19 0,23 0,16 0,22 0,23 0,21 0,21 0,24
LHV (MJ/nm3 5,56 5,56 5,45 5,62 5,44 5,68 5,61 5,64 5,53 5,61
dry)

Gas flow 1750 1740 1800 1790 1841 1816 1791 1796 1939 2065
based on He

(nm3 dry/h)

H2S (ppm) 6,03 6,73 3,84 7,66 4,71 2,1 7,66 3,78 3,93 5,2
COS (ppm) 1,05 1,12 1,11 1,00 1,00 1,09 1,01 0,98 1,12 1,08
NH3 +HCN 107 117

(ppm)

The syngas composition during operation with standard wood pellets was highly stable throughout
the campaign, as shown in Table 2. Each sampling occasion consisted of three to four gas bags,
analysed by micro-GC at RISE ETC.

The main components were nitrogen (= 50 vol%), carbon monoxide (= 19 vol%), hydrogen (= 10
vol%), and carbon dioxide (= 13 vol%). Methane content remained around 3.5 vol%, while light
hydrocarbons such as ethylene and acetylene accounted for about 1.0-1.3%. Across all samples, the
variation in major components was low indicating good process stability.
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The lower heating value (LHV) of the dry gas remained stable during the campaign, varying between
5.44 and 5.68 MJ Nm3, corresponding to a relative deviation of less than +2 % from the mean value

Regarding sulphur species, COS concentrations were consistently low, around 1 ppm, whereas H,S
fluctuated between 2 and 8 ppm, averaging approximately 5 ppm.

Nitrogen-containing species were also measured. Ammonia (NH3) was detected at 40-50 ppm, while
hydrogen cyanide (HCN) reached = 66 ppm, somewhat higher than expected compared to previous
measurements.

The particle size distribution, measured at two occasions before the police filter, is provided in Figure
10. About 60% of the particles are smaller than 1 micron. These particles are likely to consist of soot
and tar aerosols. The total particle concentration was determined to be 1.4 g/nm3 and 1.2 g/nm3.
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Figure 10. Particle size distribution, measured at two occasions, before the police filter during operation with standard
wood pellets.

The syngas composition when operating on oat husks is given in Table 3. During evaluation, it
became evident that the syngas flow calculated from helium (He) injection could not reflect the
actual syngas flow. The explanation was likely due to partial blockage in the gas-sampling unit and
the main syngas line. Consequently, the He content in the gas bags did not reflect steady-state
conditions. To determine the syngas flow the nitrogen from the gasification air was used as internal
standard. By assuming that the ratio between the individual gas components in the original gas
analysis were correct, and the carbon balance, the actual gas composition could be calculated.

Table 3. Average syngas composition and calculated gas flows during campaign with oat husks

Period 1 Period 2 Period 3 Period 4
He 0.06 0.05 0.05 0.05
H. 9.49 9.38 9.64 9.65
N, 50.33 51.30 52.40 53.03
co 17.88 16.64 16.26 15.78
CH,4 3.33 2.90 2.34 2.76

Period 1 Period 2 Period 3 Period 4
CO; 14.09 14.32 13.99 13.61
CzHa 0.99 0.67 0.66 0.64
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CzH; + C;He 0.44 0.42 0.41 0.41
CeHe 0.22 0.18 0.20 0.21
LHV (MJ/Nm? dry) 5.54 4.99 4.78 4.86
Syngas flow (Nm3/h 1835 1593 1592 1542
dry)

H,S (ppm) 40.7 26.8 25.1 27.6
COS (ppm) 8.1 14.5 15.4 11.7
NH; + HCN (ppm) - 660 -

Note: Period 1 = 10:23-10:30 | Period 2 = 16:48-16:55 | Period 3 = 16:58—17:06 | Period 4 = 17:09-17:19. Values given as
average values from individual bags.

The syngas composition during operation with oat husks was less stable than compared to standard
fuel, with gradually increasing nitrogen dilution over time, as summarised in Table 3. Each sampling
occasion consisted of three to four gas bags analysed by micro-GC at RISE ETC.

The main components were nitrogen (= 50-53 vol%), carbon monoxide (= 16—-18 vol%), hydrogen (=
9-10 vol%), and carbon dioxide (= 14 vol%). Methane ranged between 2.3 and 3.3 vol%, while light
hydrocarbons such as ethylene and acetylene together contributed with about 0.6 vol%. Compared
with standard wood pellets, the gas contained slightly less CO and CH4 and more N, and CO,,
consistent with a somewhat higher lambda value during this campaign.

The lower heating value (LHV) of the dry gas was determined to be in the range of 5.54 to 4.78
MJ/Nm3.

Sulphur species were notably higher than for the reference pellet fuel, with H,S ranging between 25
and 41 ppm (average = 30 ppm) and COS between 8 and 15 ppm (average = 12 ppm). The elevated
levels correspond well to the higher sulphur content in oat husks.

Nitrogen-containing species were also more pronounced. Combined NH3 + HCN concentrations
reached = 660 ppm, confirming that the higher fuel-nitrogen content of oat husks results in increased
formation of volatile nitrogen compounds.

Particle measurements were done at two occasions with results similar to those from gasification of
standard pellet. The majority of the particles were below 1 micron with a total particle content of 1.4
g/nm3 syngas.

4.3.4 Gasification efficiency

Table 4 and Table 5 shows syngas flows, syngas heating values, biomass flows and biomass heating
values. With standard pellet the CGE varied between 58.1 and 64.5% as an average of three sampling
periods. The highest single value was 69.2% and was achieved at the end of the campaign.

The CGE for oat husks were lower, ranging from 55.9 to 61.4% based on grouped average. The

highest single value was 61.8% and was achieved when the plant was operating with a fuel flow of
1066 kg/h.
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Table 4. Estimation of CGE during operation with standard pellets

Period 1 2025-05-25

Period 2 2025-06-26

Period 3 2025-06-26

12:10 10:00 15:30
Gas Heating value (MJ/nm3) 5,56 5,56 5,45 5,62 5,44 5,68 5,61 5,64 5,53
Syngas flow (nm3/h) 1750 1740 1800 1790 1841 1816 1791 1796 1939
Syngas energy flow (kW) 2703 2687 2725 2794 2782 2865 2791 2814 2979
Biomass flow (kg wet/h) 954 954 954 954 954 954 954 954 954
Biomass LHV wet (MJ/nm3) 17,4 17,4 17,4 17,4 17,4 17,4 17,4 17,4 17,4
Biomass energy flow (kW) 4606 4606 4606 4606 4606 4606 4606 4606 4606
CGE (%) 58,1 57,8 58,6 60,1 59,8 61,6 60,0 60,5 64,0
Average CGE per period (%) 58,1 60,3 64,5
Table 5. Estimate of CGE during operation with oat husks
Period 1 2025-09-11 Period 2 2025-09-11 Period 3 2025-09-11
10:23-10:30 16:48-16:55 16:58-17:09
Syngas Heating value (MJ/nm3) 5,49 5,57 5,55 4,97 5,06 4,93 4,63 4,86 4,85
Syngas flow (hm3/h) 1830 1834 1842 1580 1605 1595 1608 1631 1536
Syngas energy flow (kW) 2793 2839 2839 2182 2257 2182 2069 2201 2069
Biomass flow (kg wet/h) 1066 1066 1066 876 876 876 876 876 876
Biomass LHV wet (MJ/nm3) 15,5 15,5 15,5 15,5 15,5 15,5 15,5 15,5 15,5
Biomass energy flow (kW) 4596 4596 4596 3777 3777 3777 3777 3777 3777
CGE (%) 60,8 61,8 61,8 57,8 59,8 57,8 54,8 58,3 54,8
Average CGE per period (%) 61,4 58,4 55,9

4.3.5 Operational stability
Operational stability of a gasification process requires repeated and prolonged campaigns under
steady-state conditions. Within the scope of this project, only an initial short-term assessment could
be performed. The evaluation focused on how the pressure drop developed at different positions in
the plant.

A gradual increase in pressure drop (AP) may indicate accumulation of condensed material or solids
such as tar and fine particles. These species can become sticky when exposed to cooling and
moisture, adhering to internal surfaces and gradually increasing flow resistance over time.

The four monitored positions represent different temperature zones in the process (specific locations
not provided). The gas leaving the gasifier is very hot, typically around 950-1000 °C, and largely free
from condensates but may still contain sticky semi-pyrolyzed particles and ashes. Thereafter the gas
is cooled to 90 °C in a quench and further cooled to 50 °C in a scrubber before being superheated to
70 °C to ensure dry conditions before distribution to customer. All monitored positions except PDQ-
1080(Figure 9) are below the tar dew point where tar condensation may occur.

Figure 11 shows the average rate of pressure drop increase (AP/h) for each position in the plant
during operation with standard wood pellets and oat husks. Overall, the results show similar
behaviour for both fuels with exception of the pressure drop over one section of the gas cleaning
(PDQ-4032).
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At this position operation with oat husks resulted in a larger pressure drop increase, approximately
8.5 mbar/h, compared with 1.2 mbar/h for wood pellets.

This indicates that sticky tar compounds and fine particles tend to accumulate faster in this section
during oat husk operation. Longer operating campaigns will be required to confirm whether these
differences persist under steady-state conditions.
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Figure 11. Pressure drop increase during plant operation with standard pellet and oat husk. A positive value implies a
potential fouling issue.

4.3.6 Biochar quality and quantity

The properties of the biochar are discussed in more detail in Chapter 6. From an operational
perspective, there was a clear difference between the two fuels. While the biochar yield from
standard wood pellets was typically 5 to 6 percent of the incoming dry fuel mass, the yield decreased
markedly to around 1% during gasification of oat husks. It would be tempting to explain this
reduction to a higher reactivity of the oat husk biochar. However, a more likely explanation is
increased carry over of char particles into the syngas. This interpretation is supported by the fact that
the decanter reject flow, where particles and tar from the raw syngas accumulate, increased during
operation on oat husks. This suggests that a considerable fraction of the biochar, which normally
leaves the gasifier through the bottom outlet, instead ended up in the decanter reject stream. No
significant enrichment of ash forming components was observed either.

A low particle separation efficiency in the gasifier may be due to either the low particle density of the
oat husk char or to a partial blockage in the cyclone bottom. This phenomenon must be investigated
in more detail in future development work on agricultural residues.

The bulk density of biochar decreased from approximately 200 kg/m3 for the pellet derived biochar
to approximately 120 kg/m3 for the oat husk biochar. This reflects a more porous and fragile
structure rich in minerals. The lower density must be considered when designing systems for biochar
handling and distribution.
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4.3.7 Solid waste streams

The properties and quantities of the solid waste streams, decanter reject, police filter particles and
cyclone particles are summarized in Table 6.

These analyses were conducted to understand how carbon, ash, and trace elements are distributed
and transformed during gasification, and to assess how fuel composition influences downstream gas
cleaning and cooling. Note that during the oat-husk campaign, all syngas was flared, and therefore no
police-filter particles were collected in that case.

The results show that the decanter reject fractions are carbon-rich with low hydrogen and oxygen
content, typical for well-pyrolysed residues. The oxygen content in the other solid fractions was
higher, indicating presence of oxygen-containing compounds. For both standard wood and oat husk
the ash content in the police-filter particles and cyclone particles is very low. The efficiency of the
venturi and scrubber in terms of ash removal is therefore very high.

Thermogravimetric analysis (TGA) is an analytical method in which a small sample is heated under
controlled conditions while its weight change is continuously measured, enabling determination of
moisture, volatile content, fixed carbon and ash. The TGA was performed by heating the solid
fractions up to 600 °C in a nitrogen atmosphere, followed by oxidation at the same temperature in
oxygen. The purpose of the analysis was to determine the temperature ranges at which different
components volatilised and to identify and quantify the presence of soot and biochar. These
components are expected to remain non-volatile under inert conditions but to combust when
exposed to oxygen. The results (data not shown) indicated that the solid streams primarily consisted
of volatile matter, most likely polycyclic aromatic hydrocarbons (PAHs), inorganic ash, and only minor
amounts of soot and biochar. The analysis did not support the hypothesis that decanter reject would
consist of a significant amount of biochar. The reason for this is not fully understood and must be
investigated further.

Table 6. Composition of solid effluent streams

Parameter Unit Decanter Decanter Police filter Cyclone Cyclone (Oat
reject reject (Oat (Pellets) (Pellets) husks)
(Pellets) husks)
Moisture wt-% (as 28.0 36.0 0.9 9.2 2.4
received)
Ash wt-% (dry) 4.9 31 0.4 0.4 0.9
Sulphur (S) wt-% (dry) 0.02 0.09 0.05 0.04 0.10
Carbon (C) wt-% (dry) 93.6 67.9 90.1 93.5 93.0
Hydrogen (H) wt-% (dry) 0.5 0.5 1.8 2.1 2.7
Nitrogen (N) wt-% (dry) 0.09 0.47 0.08 0.08 0.13
Oxygen (O) wt-% (dry) 1.0 0.1 7.7 3.9 3.3
HHV (const. vol.) MJ kg™ (dry) 33.15 23.53 36.34 37.70 37.76
LHV (const. press.) MJ kg™ (dry) 33.20 23.96 35.96 37.24 37.18
Silicon (Si) wt-% (dry) 0.15 10.4 <0.002 <0.001 <0.005
Potassium (K) wt-% (dry) 0.36 2.0 0.10 0.12 0.25
Calcium (Ca) wt-% (dry) 1.4 0.99 0.004 0.004 0.0021
Magnesium (Mg) wt-% (dry) 0.16 0.63 <0.001 <0.001 0.0009
Phosphorus (P) wt-% (dry) 0.086 1.2 <0.001 <0.001 0.043
Chromium (Cr) mg kg™ (dry) 125 7 6 5 3
Nickel (Ni) mg kg™ (dry) 61 9 0.6 0.4 2
Copper (Cu) mg kg™ (dry) 10 15 4 4 5
Zinc (Zn) mg kg™ (dry) 19 100 460 450 820
Cadmium (Cd) mg kg™ (dry) 0.1 0.5 13 5 7
Lead (Pb) mg kg™ (dry) 0.6 0.5 2 3 2
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4.3.8 Excess water
The process water system is divided in two circuits, one system providing water to the quench and
venturi and one providing water to the scrubber. Water is both introduced with the feedstock and
formed during gasification. As the syngas is cooled to around 50 °C in the gas-cleaning section, the
water vapour condenses and forms liquid condensate. The condensate must be continuously
removed to maintain a stable water balance in the process water system. During the standard-pellet
campaign, the average excess water production was estimated at 67 L/h (= 0.08 L per kg dry fuel),
while the oat-husk campaign produced about 114 L/h (= 0.13 L per kg dry fuel). The higher
condensate quantity for oat husk is mainly explained by its higher feedstock moisture content and a
higher lambda value, which promotes oxidation of hydrogen and carbon to H,O and CO,, thereby
increasing the total water formation in the gasifier. A higher surplus of water will require increased
capacity of the wastewater treatment of the plant.

The analysis of process water from gasification of standard pellet showed the presence of PAH
(10000-70000 ug/L), chlorides (60-170 mg/L) and total nitrogen (190-320 mg/L). Metal content were
low for both standard pellet and oat husks. Due to issues with the analysis of water from gasification
of oat husks only metals could be determined. Based on the syngas composition analysis it is
however expected that the water will contain similar levels of PAH but higher levels of N. Dependent
on the environmental permit it is therefore likely that oat husk gasification requires additional
wastewater treatment steps to remove N containing compounds such as NH3.

4.3.9 MR&EB and carbon balance for both wood pellet and oat husks
Based on the results from the campaigns and the analytical results balances over the system could be
done based on mass, C as well as energy. The balances were done based on average values for longer
periods. This approach should better reflect the average flows rather than a balance carried out at a
specific time. It should be mentioned that since SPA tars were not accurately measured during the
campaign the tar concentration in the produced syngas was estimated from design values from the
Kisa plant. It was assumed that the tar concentration after gas cleaning was the same for both fuels.

Table 7. M&EB as well as C balance over the plant when operating on standard pellets

Inlets Dry mass flow Mass flow wet LHV wet Energyflow Ccontent Carbon flow
kg/h kg/h Ml/kg kw Weight% kg/h
Fuel inlet (kg/h) 885 954 17,4 4616 47,1 449
Air (kg/h) 1351 1351 9,4
Electricity (kW) 250
Sum wet inputs (kg/h) 2305 4876 449
Outlets Dry mass flow Wet massflow LHVwet Energyflow C content Carbon flow
kg/h kg/h Ml/kg kw Weight% kg/h
Biochar outlet (kg/h) 60,6 60,8 32,47 548 87,9 53,45
Police filter outlet (kg/h) 2,2 2,2 35,63 22 89,3 1,96
Decanter reject (kg/h) 35,8 49,8 23,2 321 67,3 33,49
Cyclone particles (kg/h) 0,4 0,5 33,59 5 84,9 0,41
Process water (kg/h) 67,0 6,2 0,01 0,01
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Outlets Dry mass flow Wet massflow LHVwet Energyflow C content Carbon flow
kg/h kg/h Mi/kg kw Weight% kg/h
Syngas (DRY kg/h) 2081 4,86 2857 18,2 379,6
Syngas moisture (kg/h) 143,2 4
SPA tars in syngas 6,0 40,2 67 93,6 5,6
Rejected heat (kW) 1050
General heat losses (kW) 200
Sum outputs (kg/h) 2410 5079 474

The balance is based on average values from several measurements during operation with standard
wood pellets. In total, approximately 2.3 t/h of mass was supplied to the system, corresponding to an
energy input of 4.9 MW and a carbon inflow of 449 kg/h. Most of the carbon ended up in the syngas
(= 85%), while the remainder was distributed between biochar and decanter reject. The overall mass
and energy balances close within £3%, and the carbon balance shows a surplus of about 5%, which is
reasonable considering that some samples represent instantaneous values while others are time-
averaged.

Table 8. M&EB as well as C balances over the plant when operating on oat husk.

Inlets Dry mass flow Mass flow wet LHV wet Energy flow Ccontent Carbon flow
kg/h kg/h MJ/kg kw Weight% kg/h
Fuel inlet (kg/h) 790 876 15,5 3786 42,6 373
Air (kg/h) 1333 1333 9,3
Electricity (kW) 250
Sum wet inputs (kg/h) 2209 4046 373
Outlets Dry mass flow Wet mass flow LHV wet Energy flow Ccontent Carbon flow
kg/h kg/h MJ/kg kw Weight% kg/h
Biochar outlet (kg/h) 10,50 11,80 17,94 59 54 6,37
Decanter reject (kg/h) 73,17 114 14,33 455 43,1 49,28
Cyclone particles (kg/h) 0,85 0,87 36,25 9 91 0,80
Process water (kg/h) 114 10,5 0,01 0,02
Syngas (DRY kg/h) 1887 4,06 2173 16,2 304,8
Syngas moisture (kg/h) 123 3
SPA tars in syngas 5,18 40,2 58 93,6 4,9
Rejected heat (kW) 1096
General heat losses (kW) 200
Sum outputs (kg/h) 2256 4063 366

The mass and energy balances for the oat husk campaign show good closure of both total mass and
energy. The almost complete closure of the carbon balance results from the assumption of full
carbon closure when calculating the syngas flow. As mentioned previously, the decanter reject flow
was significantly higher during gasification of oat husks compared to standard wood pellets.
Consequently, nearly 12% of the total fuel energy ended up in this stream, compared to about 7% in
the pellet case.
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5 Oat Husk

5.1 Why using oat husk?
In this test we used oat husk since successful trials with oat husks open the way for other agro-raw
materials. Oat husks are a suitable technical starting point with a relatively high ash melting point,
which reduces the risk of slagging and operational disturbances in the reactor. It is also available as
pellets and can be used in Meva existing production unit as it is.

5.2 Availability of oat shells.
In Sweden, about 166,000 hectares of oats are grown. The harvest is about 635,000 tonnes per year.
However, it varies and in the last 6 years it has been between 411,500 and 807,600 tons. Table 9
show the oat harvest per year 2019-2025. Harvest per county is shown in figure 10.

For oats, there are mainly three outlets: oatmeal, beta-glucan production or feed. Oats have a harder
shell than other grains. Therefore, the oats used for oatmeal and beta-glucan are peeled. This is done
at the mill as part of the process. About 20-25% of the weight becomes skins that are removed when
peeling in the grinder.

Table 9 Oat harvest in Sweden 2019-2025 (The Swedish Board of
Agriculture's official statistics - jordbruksverket.se)

Year Oat harvest in tons
2019 671,200
2020 807,600
2021 551,200
2022 734,800
2023 411,500
2024 622,500
26 366 JONKOPING _{ KALWAR f }\th)u\'o 2025 648,400 (estimated)
HAL & 30\00 v %;
Ha' KRONOBE} o Y |
N /\M‘NC}V ,)/
\ SKANE _ \L‘T‘_?ﬁnw
\ 53000 *
)

Figure 12 Oat harvest 2021 by county in Sweden (The Swedish
Board of Agriculture's official statistics — jordbruksverket.se)

5.3 Where are oats peeled
Larger units in Sweden where oats are peeled are:!

e Jarna Kvarn — Lantmannen Cerealia (40,000 tonnes of oats)

e Kimstad kvarn — Lantmannen Biorefineries (40 000 ton havre)
e Frebaco kvarn — Lidkoping — Fazer Mills (40 000 ton havre)

e Berte Qvarn — Sldinge (35,000 tonnes of oats)

! The book Rent mjél by Bengt Norling and Bengt Spade
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5.4 How to transport them in the best way
Oat husks can be handled and transported as powder, husks, or pellets. At the mill, chaff and barley
that are not oats are first removed. Then during the peeling, the oats and the husk are separated.
The husk is then handled different in different Mills. Either it is grounded into powder, or the husks
and chaff are pressed together into pellets. If it is pressed to pellets, it needs to have the same
strength as wood pellets. To prevent the oat husk pellets from falling apart during transportation,
some lignin might need to be add when pressing pellets. For transport, there is already existing
solutions of bulk/blow car or wood chip trucks that can be used for transporting pellets or powder.

Figure 13 Pellets delivery from SCANDBIO

5.5 Storage at gasification site.
Silo is the best solution for storage of the oat husk pellets or powder. To avoid production stoppages
at the gasification plant, you need to have a storage capacity of at least 5 days of consumption at the
gasification unit. It also means that you can avoid transports during weekends.

For blow car, connection and pipes to the silo are needed. This is the minimum investment cost for
the recipient site. However, in Sweden, there are more side-tipping cars (Wood chip trucks) that can
be used if you have a tipping pocket. For a plant that consumes more than 10,000 tonnes of pellets
per year, it may be interesting to compare what savings in transport costs can be with the cost of
installing a tipping pocket.

5.6 Other thoughts about oat husk
Oat husks originate from food-grade production, resulting in a clean and well-defined feedstock. The
amount of Oat Husks available is linked to how much oats are peeled. When you use this residual
stream, you become dependent on how the harvest goes and how other products sell. There is a risk
in this that should be considered and prepared for.

6 Biochar

6.1 Comparison between wood pellets-based biochar and oat usk-based biochar

6.1.1 Elemental composition and physical properties
Clear differences were observed between the biochar produced from wood pellets and the biochar
produced from oat husk pellets. The oat-husk biochar contained a substantially higher ash fraction
(40 wt%) compared with the wood-pellet biochar (5.6 wt%), while the carbon content decreased
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from 88 wt% to 61 wt% in the oat-husk biochar. This shift resulted in a significantly lower heating
value, a reduction of nearly 40 %. The bulk density also decreased by 40 %, reflecting a more porous,
fragile structure dominated by mineral residue.

Elemental composition of the ash phase differed markedly between fuels. The oat-husk biochar was
strongly enriched in silicon (= 11 wt%), potassium (3.6 wt%), and phosphorus (1.4 wt%), while the
wood-pellet biochar contained only trace levels of these elements (Si = 0.1 wt%, K = 0.5 wt%, P = 0.08
wt%).

6.1.2 PAH content
The PAH content of both chars was low, confirming efficient tar conversion. However, the total PAH
concentration (ZPAH;¢) increased from = 1.2 mg kg™" in the pellet-derived char to = 12 mg kg™ in the

oat-husk char. This could be reduced if trimming the process conditions over an extended timeframe
was possible.

6.1.3 Specific Surface Area (SSA)

The Specific Surface Area (SSA) was analysed by Luled University of Technology using N»-adsorption
(BET method). The results showed a reduction in SSA for the oat-husk biochar by 23 %.

6.2 Potential application areas of the oat husk-based biochar

The potential application areas of the oat husk-based biochar are presented and discussed in Table
10below.

Table 10 Potential application areas of the oat husk-based biochar.

Application area | Requirements Oat-husk biochar suitable?
Asphalt additive e Analytical parameters Possibly
(incl. carbon according to the limit values
removal) for EBC Basic in European The oat-husk biochar meets the
Biochar Certificate, Standard | requirements for EBC Basic.
10.5E Mechanical tests required.
e High mechanical strength
Concrete additive e Analytical parameters Possibly
(incl. carbon according to the limit values
removal) for EBC Basic in European The oat-husk biochar meets the
Biochar Certificate, Standard | requirements for EBC Basic.
10.5E The small particle size of the oat-husk
e Particle size — larger particles | biochar mixes well in a concrete mix.
can affect the structure Testing in different concrete mixes
required.
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Application area

Requirements

Oat-husk biochar suitable?

Feed material
(incl. carbon
removal)

e Analytical parameters
according to the limit values
for EBC FeedPlus in
European Biochar
Certificate, Standard 10.5E

Possibly

The oat-husk biochar has higher
content of trace metals in general
than wood biochar but not exceeding
the EBC limits of EBC-FeedPlus.
216PAH is too high in oat-husk
biochar. This could be reduced if
trimming the process conditions over
an extended timeframe was possible.

Filter media /
activated carbon

e Specific surface area
>500m?/g

Possibly

Oat-husk biochar has a specific
surface area (SSA) of approximately
300m?/g, which is somewhat lower
than the typical 500 m?/g found in
commercial activated carbon.
However, due to its slightly lower
cost, this biochar presents a viable
alternative for certain applications. It
can be used as an initial filtration step
to remove more accessible
substances, followed by the use of
high-SSA activated carbon to target
more persistent or difficult-to-capture
compounds.

Metallurgical
industry

e Ash content <10%

e Density >400 kg/m3 or 500
kg/m?3

o CHix>75% or 85%

e Phosphorous <0.05 or 0.02%

No

Oat-husk biochar does not meet the
requirements.

Soil improvement
(incl. carbon
removal)

e Analytical parameters
according to the limit values
for EBC AgroOrganic in
European Biochar
Certificate, Standard 10.5E

Possibly

The oat-husk biochar has higher
content of trace metals in general
than wood biochar but not exceeding
the EBC limits of EBC-AgroOrganic.
216PAH is too high in oat-husk
biochar. This could be reduced if
trimming the process conditions over
an extended timeframe was possible.

7 How to use the biosyngas from oat husk

Perstorp and Essity have evaluated how the syngas produced from oat husk can be used in their
production. They have used the results from the test in Kisa as baseline for this.

7.1 Use as a synthesis gas
Perstorp currently manufactures and uses synthesis gas in the manufacturing process at the
Stenungsund site. The process requires low levels of nitrogen, methane, carbon dioxide and very low
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levels of sulphur, chlorine, metals and other pollutants. In addition, the synthesis gas pressure needs
to be ~20 bar(g) and the hydrogen/carbon monoxide ratio in the synthesis gas regulated to a
constant value.

Reducing the levels of nitrogen and methane in particular will be very difficult without significant
changes to the concept, and it is difficult to see that it will be possible to produce synthesis gas for
Perstorp without replacing the gasification air with pure oxygen and using higher gasification
temperatures. This requires a number of purification steps and significant upscaling of the
technology.

7.2 Use as a hydrogen source
Perstorp uses hydrogen in a number of different manufacturing processes at the Stenungsund site.
The process requires that the hydrogen gas is purified to a very high purity and that the pressure is
raised to about 8 bar(g). The content of e.g. sulphur, CO etc. needs to be very low (pollutants at the
highest ppm level).

Hydrogen is currently produced as a by-product, but this may change in the future if a larger
proportion of the raw materials are switched to more circular alternatives. Hydrogen produced from
synthesis gas could then be a possible climate-friendly alternative to hydrogen produced in
electrolysers.

7.3 Use as fuel in boilers
Perstorp currently burn residual products such as fuel gas, formed in various production processes in
the Stenungsund cluster, with the addition of natural gas for the production of steam. It should be
possible to use synthesis gas as fuel in boilers to replace natural gas.

A slightly higher delivery pressure on the gas (1.5 bar(g)) is required for boiler firing and that the
impact on NOx and SOx emissions from the boilers must be evaluated.

7.4 Use of syngas in the drying process and steam production from oat hull
Essity manufactures paper products and currently uses natural gas to produce hot air and steam
required for drying paper. By replacing natural gas with syngas from gasification of breakage shells,
the process can become more climate-neutral and reduce the CO, footprint by up to 70-90%,
depending on system integration and purification efficiency.

7.4.1 Quality
For paper production, it is crucial that the energy gas has very low levels of particles and
contaminants that can cause discoloration, odour or affect the quality of the paper. The levels should
be below 6 ppm, which requires effective gas cleaning (cyclone, filter and possibly catalytic
treatment).

7.4.2 Environmental aspects

e NOy and SO, emissions: Biomass gasification generally produces lower SO, than fossil fuels,
but NO, levels need to be controlled. If emissions increase, supplementary treatment steps
(SCR or SNCR) are required.

e CO; reduction: Biomass is carbon neutral, which can reduce the climate impact by several
thousand tonnes of CO, per year for a medium-sized plant.

e (Circular economy: Waste products from the food industry are converted into energy instead
of being landfilled.
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7.4.3 Technical requirements
e Adaptation of burner systems for the lower calorific value of syngas (4—6 MJ/Nm?2 compared
to natural gas's approx. 35 MJ/Nm3).
e Upgrading piping systems and safety valves for higher gas volumes.
e |nstallation of gas purification system to achieve the quality requirements.

7.4.4 Assessment
Essity sees no technical obstacles in switching from natural gas to syngas in the drying process. Paper
dried with syngas from breakout shells would be a climate-neutral alternative and contribute to a
reduced CO, footprint in the manufacturing process.

8 Conclusions and future works

Oat husks are available today in powder or pellet form. There are also well-proven logistics and
warehousing solutions for this on the market that can be used. In our test, the grinder and feed
system also worked without any problems. The availability of oat husks can limit how much gas can
be produced, but in addition to oat husks, there are other agricultural residues such as husks from
wheat or straw that can be used. Of course, tests need to be done to know exactly how it works, but
it looks promising as it works with oat shells.

Oat husks were successfully gasified in the 4.5 MW Meva gasification plant in Kisa. Over a 17-hour
period, 15 tonnes of oat husks were processed without interruption, and the overall mass and energy
balance showed good closure. Plant operation was largely comparable to that with standard pellets:
fuel handling worked well, reactor temperatures were similar, and the gas cleaning system operated
stably. A somewhat higher pressure-drop increase was observed in one section of the gas system,
indicating a potential fouling tendency. The syngas production efficiency was somewhat lower for oat
husks but is likely to improve with further optimisation.

A reduction in particle separation efficiency within the gasifier was observed during the campaign
with oat husks. This led to a lower biochar yield and an increased particle load on the downstream
gas-cleaning system, resulting in higher quantities of carbon-rich residues being collected. The most
likely explanation for the reduced separation efficiency is the lower particle density of oat husk char
relative to char produced from standard pellets, which likely affects the hydrodynamic behaviour and
cyclone performance. Further investigation is required to confirm this hypothesis and to clarify the
underlying mechanisms.

The produced syngas had a lower heating value than that obtained from wood pellets, but it
remained within the acceptable range for use in industrial burners. With the current Meva gas
cleaning system, purified syngas from oat husks does not contain higher particle levels, but it does
exhibit elevated concentrations of nitrogen- and sulphur-containing contaminants originating from
the fuel. Depending on end user requirements, additional cleaning steps, either for the syngas or for
the flue gas, may therefore be necessary.

Perstorp and Essity have evaluated how they can use the syngas produced from oat husk. They have
used the results from the test in Kisa as baseline for this. Both Perstorp and Essity see that it is
possible for them to use the gas to produce heat and replace natural gas that is used today. Apart
from syngas modifications to the syngas distribution and burners; NOx and SOx cleaning might be
required.
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Smaller amount of biochar with lower carbon content and calorific value but higher proportion of
ash. PAH concentration (2PAH,s) was higher (12 mg kg™") than for wood pellets. We believe that some
biochar has been tar reject instead. This is probable since oat husk has a lower density than wood
and the lighter particle have moved with the gas from the reactor and not with the biochar. With
more time to be able to optimize the process, the amount of biochar could probably have increased.
It is unclear, however, whether this can affect the carbon content. An optimization should be able to
reduce the PAHs that remain in the biochar so that they are lower than the EBC's limit values. This
means that there are good opportunities to use the biochar in the most applications except for
Metallurgical industry

More tests with oat husks and other Agricultural biomass are needed to optimize the gasification
process and to understand the behaviour of low density char particles in the gasifier. The data from
this report can be used as a basis for a basic engineering to allow the Kisa plant to operate on
agricultural resides or a basic design of a green -field plant. However, such work needs to be
combined with additional gasification tests, in Kisa or in a dedicated pilot plant.

One opportunity is to co-gasify agricultural residues with standard wood pellets. The higher
concentrations of alkali and other inorganic species in oat husks could enhance the overall char
reactivity in gasifier. Such fuel blending may therefore combine the favourable properties of both
feedstocks and improve overall gasifier performance.
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