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Abstract

Biomass is expected to play a major role in thasditéoon to sustainable energy production.

However, biomass is a difficult fuel and most thalwonversion processes have very stringent
fuel specifications. Torrefaction offers the poiahto convert biomass into attractive solid

biofuels. It involves heating in the absence ofgety to a temperature of 200 to 300 °C. As a
result, biomass becomes easy to grind and watestaet reducing the risk of spontaneous
biological degradation and heating, and permitoagdoor storage. By combining torrefaction

with pelletisation, biomass is converted into ahkégnergy-density solid bioenergy carrier with

superior properties in view of (long-distance) sport, handling and storage, and in many
major end-use applications (e.g., co-firing in efb@d power stations and gasification-based
biofuels and biochemicals production).

The Tortech project has been focussed on the fudéeeclopment torrefaction for a broad of
biomass and mixed biomass/waste feedstocks. Thecprmmprised basic research, in which
important aspects of torrefaction and pelletisatizare investigated, the design, construction
and initial operation of a pilot-plant incorporagiECN'’s torrefaction technology concept, small
and semi-industrial scale pelletisation and an ecoo and environmental evaluation of the
biomass-to-end-use value chain including torrefectind co-firing.

The basic research yielded valuable insights irte torrefaction characteristics of the
feedstocks and the properties of the torrefied nzfgeroduced. From a technical point of view,
torrefaction appeared to have a similar impactdibrrelatively dry lignocellulosic biomass
feedstock and it may be an attractive option fotate mixed biomass/waste streams as well.
The Dpilot-plant torrefaction test work confirmedethvalidity and strength of the ECN
torrefaction technology. During over 800 hours pkrtion, a range of feedstocks, including
poplar, pine, forestry residues and palm oil resgdwas torrefied successfully. For this range
of feedstocks, it was proven that ECN's torrefattioncept allows for smooth operation, good
process control and product quality control, anghhénergy efficiency. With the torrefied
materials produced, it appeared to be possibleddyze high quality pellets without the need
for a binder. However, there appears to be a tadidbetween proper pelletisation behaviour
and pellet quality in terms of strength, grinddpjlenergy density and hydrophobicity.

An economic evaluation of torrefaction as a retrofption for existing wood pellet plants
revealed that attractive business cases can béfieeéralready, when considered the supply
chain from biomass source to the gate of an end-usthout taking into account cost benefits
for the end-user. For woody biomass, this is palidity valid in case of long distance transport.
However, knowing that these latter cost benefitslwa considerable, torrefaction is expected to
be an attractive upgrading option for many bionfasslstocks and biomass supply chains.

Finally, the location where the pellets are produles a large impact on the total value chain
CO, emissions. Not only the transportation distanceabso the C@ emissions related to the
local electricity mix are relevant. The differeniceoverall CQ emission reduction between
wood and torrefied wood pellets is slightly in favaf the latter technology, with G@mission
reductions in the range of 80-90% compared todidoal in a coal-fired power plant.

The extensive torrefaction and pelletisation testkwup to pilot-plant scale now forms a solid
base for the scale-up and demonstration of the EC€hhology. ECN has teamed up with
industrial partners to first demonstrate the tetbgyat a scale of several tonnes/h and then
pursue global commercial market introduction.
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Summary

Biomass is expected to play a major role in thesitéoon to sustainable energy production. The
biomass used will be a combination of biomass tesid mixtures of biomass, waste and
specially grown woody materials. Biomass and wasires difficult fuels and most thermal
conversion processes have very stringent fuel Spations which are difficult to fulfil with
biomass (residue) streams. For co-firing in co@eipower plants and gasifiers, a very small
particle size is required. Woody biomass is tenaiand fibrous, which makes it difficult and
expensive to grind. The limited grindability of biass is one of the limiting factors for the
introduction of biomass on a large scale. Furthieg, characteristics with regard to handling,
storage, degradability and energy density areanailfrable for biomass.

Conventional pelletisation offers several advargagat present, conventional biomass pellets
are amongst the most desirable solid fuels to lee us biomass to energy conversion chains.
Their uniform shape and relatively high volumegitergy density is advantageous in transport
and logistics and in their conversion into energydpicts such as electricity and heat. However,
they require dedicated, closed storage and dieatiling and co-feeding with coal is limited
to a few percent share only. Moreover, the produactis costly and energy consuming,
particularly so for biomass feedstock other thaaclsawdust.

Torrefaction is a promising biomass upgrading tetbgy that can be applied to further
enhance pellet quality by addressing these isstiegefaction is a mild thermo-chemical
treatment used for the upgrading of biomass intiiga-quality solid fuel. It is performed at a
temperature between 200-300°C and carried outdrabisence of oxygen. As a result, biomass
becomes easy to grind, providing the potential icdadl co-milling and co-feeding, and water
resistant, reducing the risk of spontaneous bicklgilegradation and heating, and permitting
outdoor storage. By combining torrefaction withlggs$ation, biomass is converted into a high-
energy-density solid bioenergy carrier with supenwoperties in view of (long-distance)
transport, handling and storage, and in many negdruse applications (e.g., co-firing in coal-
fired power stations, gasification-based biofuel®dpction and production of bio-based
chemicals).

This report describes the results of the work coteth by ECN and GF Energy in the
framework of the so-called TorTech project. The Tlemnh project has been focussed on the
development of commaodity solid biofuels from biomdy means of torrefaction. The project
comprised basic research, in which important aspetttorrefaction and pelletisation were
investigated, the design, construction and inijgération of a pilot-plant incorporating ECN'’s
torrefaction technology concept, small and semisgitdal scale pelletisation and an economic
and environmental (in terms of G@missions) evaluation of the biomass-to-end-udeeva
chain. The Tortech project also included a PhDemtogt the Technical University of Eindhoven
on the fundamentals of torrefaction, but this Wwal reported separately.

The basic research at ECN was done with a wideetyanf biomass and waste feedstocks
including bagasse, grass seed hay, road side gtags;, beech, poplar, willow, larch, pine,

spruce, RDF/SRF and Trockenstabilat. Torrefactispeaments were conducted in different
small-scale reactors, viz. a Thermo Gravimetric I§ger, a batch reactor and a continuous
Auger or screw reactor. The experiments were supgdry various analysis and performance
characterisation techniques to determine propegias behaviour of the solid and gaseous
products, e.g. chemical composition, mass and gmggdds, lignocellulose composition and

milling behaviour. The work yielded valuable indiglinto the torrefaction characteristics of the
feedstocks and the properties of the torrefied rizteroduced. From a technical point of view,
torrefaction appeared to have a similar impactdibrrelatively dry lignocellulosic biomass
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feedstock and it may be attractive for the upgrgdihcertain mixed waste streams as well.

In general, energy densification during torrefattivas demonstrated. Herbaceous materials
and waste streams showed the highest energy aetisifi, while the lowest densification was
found for the coniferous materials. Small-scalelingl experiments were performed on a
number of raw and torrefied materials to evaluhteitmpact of torrefaction on grindability. It
was demonstrated for all biomass feedstocks, tliir dgorrefaction the milling power
consumption was significantly lower. As expectdig torrefied materials were found to be
much more brittle than the original materials. Resaste materials could not be milled at room
temperature, as the fraction of plastic causedkalge of the milling device. Torrefied waste
materials could be milled, showing lower power aonption at higher torrefaction
temperatures. The torrefaction gas contains reactiater, CQ@, organics and, to a lesser
extent, CO. Straw and woody materials showed thyhdst ratios of (CO+organics)/GO
indicating a higher energy content of the torretacgas. A closer look into the organic fraction
revealed that the main components were aceticaamdmethanol. Furfurals were also found for
all the feedstocks. For deciduous woods larger asoof phenolic compounds were detected
indicating lignin degradation. For the waste streathe release of Cl appeared to be directly
proportional to the torrefaction temperature. Asbnaentrations and compositions were
determined as well. As most of the mineral matseemot released during torrefaction, ash
concentrations in the torrefied feedstock were fbtoincrease proportional to the decrease in
mass.

Parallel to the basic research work, the desigan®0 - 100 kg/hr pilot plant was put into effect.
After a literature survey it was decided to devetopovel torrefaction concept based on the
principles of moving bed technology. The desigrh&f pilot plant (hamed PATRIG) started in
June 2006 and erection and commissioning of PATREBe completed in September 2007.
During commissioning some modifications had to bglemented, which took place in
December 2007 and January 2008. The first torrefirederial was produced batch wise in
February 2008. On March 5, 2008, PATRIG was ihdahtinuous operation for the first time,
with all the systems running automatically. Subseqly, many tests were conducted in the
framework of the Tortech project but also in a epf§industrial contracts with various biomass
feedstocks, including poplar chips, pine chipseétny residues and residues from the palm oil
industry. By the end of 2010, PATRIG had been ieragion for more than 800 hours. More
than 30 tons of torrefied materials were produaathg short, 8 hour tests and several duration
trials ranging from 40 up to 100 continuous opagatiours. In general, the trials confirmed the
validity and strength of the original reactor ambgess design. For the range of feedstocks
tested, it was proven that ECN'’s torrefaction cgnedlows for smooth operation, good process
control, and as a consequence good product qualitirol, and high energy efficiency.

With the materials produced in the different expenits, it appeared to be possible to produce
high quality pellets without the need for a bindéowever, the results of the pelletisation tests
show that often there is a trade-off between preadetisation behaviour and pellet quality in
terms of strength, grindability, energy density ahgdrophobicity. High torrefaction
temperatures in combination with long torrefacttomes give very water resistant pellets, but
these pellets are difficult to make. Low temperatsinort time torrefaction reduces the water
resistance and the grindability, but the pellegasier to produce and stronger.

In close cooperation, ECN and GF Energy conductedcanomic evaluation of torrefaction as

a retrofit option for existing wood pellet planThe study revealed that attractive business cases
can be identified already, when considered the Igugain from biomass source to the gate of
an end-user, without taking into account cost benédr the end-user. For woody biomass, this
is particularly valid in case of long distance sport. However, knowing that these latter cost
benefits can be considerable, torrefaction is exggeto be an attractive upgrading option for
many biomass feedstocks and biomass supply chains.
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The location where the pellets are produced appeatsave a large impact on the total £O
emissions over the entire biomass-to-end-use vaiae. Not only the transportation distance
but also the C@emissions related to the local electricity mix eelevant (coal / gas / nuclear /
biomass generated power). The difference in ov&@ emission reduction between wood and
torrefied wood pellets is slightly in favour of thHatter technology, with COemission
reductions in the range of 80-90% compared todidoal in a coal-fired power plant.

The extensive torrefaction and pelletisation testkaup to pilot-plant scale now forms a solid
base for the scale-up and demonstration of the E€&Nnology. ECN has teamed up with
industrial partners to first demonstrate the tetbgy at a scale of several tonnes/h and then
pursue global commercial market introduction.

ECN-E--11-039 11



1. Introduction

1.1 Background and objectives

Biomass is expected to play a major role in thediteon to sustainable energy production. It is
anticipated that in 2030 biomass can supply 30%heftotal energy consumption. Most of it
will be produced in thermal conversion processesfuustion, gasification). The biomass used
will be a combination of biomass residues, mixtuoéiomass, waste and specially grown
woody materials.

Biomass and wastes are difficult fuels and mostntlaé conversion processes have very
stringent fuel specifications which are difficudt fulfil with biomass (residue) streams. For co-
firing in coal-fired power plants and gasifiersyary small particle size is required. Woody
biomass is tenacious and fibrous, which makesfficdit and expensive to grind. The limited
grindability of biomass is one of the limiting fac$ for the introduction of biomass on a large
scale. Further, the characteristics with regarddaadling, storage, degradability and energy
density are not favourable for biomass.

Conventional pelletisation offers several advantagAt present, conventional biomass pellets
are amongst the most desirable solid fuels to lee us biomass to energy conversion chains.
Their uniform shape and relatively high volumetitergy density is advantageous in transport
and logistics and in their conversion into energydpicts such as electricity and heat. However,
they require dedicated, closed storage and dieatitting and co-feeding with coal is limited
to a few percent share only. Moreover, the produactis costly and energy consuming,
particularly so for biomass feedstock other thaaclsawdust.

Torrefaction is a promising biomass upgrading tedtbgy that can be applied to further
enhance pellet quality by addressing these isstiesefaction is a mild thermo-chemical
treatment used for the upgrading of biomass intgha-quality solid fuel. It is performed at a
temperature between 200-300°C and carried outaratisence of oxygen. Figure 1.1 shows a
typical torrefaction mass and energy balance fgrbdomass. From 1 unit of dry biomass fed
into the process, typically 0.7 units are retaiasda solid product, representing 0.9 units of
energy processed. 0.3 units of mass are convertedarrefaction gases representing typically
0.1 units of energy. This example illustrates ohthe main characteristics of the process, being
the high retention of the chemical energy fromfereistock in the torrefied product, whilst fuel
properties are improved.

Torrefaction
gases
0.3M | 0.1E
Torrefied
Biomass | Torrefaction B|omass‘
"] 250-280 °C g
1™ 1E 0.7M | 0.9E

Figure 1.1 Typical mass and energy balance for torrefaction
(M = mass unit, E = energy unit)
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Upon torrefaction, the hygroscopic and tenaciousireaof the biomass is largely destroyed,
with the degree of destruction depending on opsgatmperature and residence time. Further,
the torrefied biomass has become more resistaimstidaological degradation and more easily
grindable. These properties make torrefied biomassattractive feedstock for fuel pellets.
From the main constituents of biomass, mainly hethitbse is decomposed during
torrefaction, leaving cellulose and lignin virtyalintact (considering mass loss). Hence the
lignin content of torrefied biomass is significantiigher (5 to 10 %-points). This potentially
enables the production of high quality fuel pellatsm raw materials other than currently
economical feedstock, such as sawdust, withoutgkeof an additional binder.

The destruction of the tenacious behaviour of ibenbss is a very welcome improvement when
considering size reduction. Loss of the tenaciatsne of the biomass is mainly coupled to the
breakdown of the hemicellulose matrix, which bonte cellulose fibres in biomass.
Depolymerisation of cellulose decreases the lenfjthe fibres.

At the start of the TorTech project the mechaniamd technical possibilities of torrefaction for
clean, woody biomass streams were reasonably welergtood. For more difficult biomass
streams and residues, the mechanisms were less Theaaim of the TorTech project was to
get more insight in the torrefaction and pellet@atbehaviour of more complicated biomass
streams and to demonstrate ECN'’s torrefaction gcencept on pilot scale.

1.2 Approach

The project builds on the development of torretactiechnology for woody biomass streams as
executed by ECN and TU/e in three preceding rekeprojects [1-5]. Thanks to this, the
required experimental infrastructure on lab-scads Vargely available at the start of the project.

The project is divided into six interlinked workgkages:

WP1 Basic research

WP2 Design and construction of a torrefaction pillaint
WP3 Pilot plant torrefaction tests

WP4  Torrefaction and pelletisation

WP5 Economic and sustainability evaluations

WP6 Project management, reporting and communication

The same subdivision in work packages (except fB6Whas been used to structure this report.
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2. Basic research

2.1 Introduction

In this chapter, basic torrefaction research resae reported for a large number of biomass
(residue) streams, including clean woody biomashofw, birch, larch), straw, road-side grass,
demolition wood, bagasse, RDF/SRF and Trockenstiabih order to characterise the
torrefaction behaviour of these biomass streants,dad bench-scale tests were executed. The
characterisation of the product quality includetnding behaviour, combustion behaviour,
hygroscopic behaviour, leaching behaviour and tmewnt of dust formation and biological
degradation. The results presented relate spdbifita the experimental activities that have
been carried out by ECN. The results obtained éenpiéwrallel research programme of TU/e are
reported in the PhD thesis of Michiel van der J&it

The work was aimed to generate new insight intdaHewing topics:

« The torrefaction behaviour of a range of feedstpplkying special attention to hemicellulose
degradation, as this carbohydrate is the main coemioresponsible for the tenacity and
hydrophilicity of these materials.

» The torrefaction enthalpy and the influence of teeett mass transfer.

* The relationship between the properties of biomessie and the resulting quality of the
solid product as well as the composition of theetf@ction gas or torgas.

This information is vital for judging the viabilityf using torrefaction for upgrading the difficult
biomass and biogenic waste streams considered.tblé¢at, this information is also important
for the development of cost effective reactor aratess concepts.

2.2 Torrefaction principles

Torrefaction is a thermochemical treatment at agraijing temperature of typically 200 to 300
°C in the absence of oxygen. The name torrefacSondiopted from the roasting of coffee
beans, which is, however, done at lower temperatndedoes allow the presence of oxygen.

The main torrefaction product is the solid phagmil8r to pyrolysis, during torrefaction the
chemical structure of biomass is altered. This detmdthe formation of a variety of volatile
(decomposition) products of which some are liqguatisoom temperature (condensables). On
mass basis, important reaction products other thanchar or torrefied biomass are carbon
dioxide, carbon monoxide, water, acetic acid antharel. After condensation, liquid products
manifest themselves as a yellowish/black liquid. thAese non-solid reaction products contain
relatively more oxygen compared to the untreatemnbss. Hence the O/C ratio of torrefied
biomass is lower than untreated biomass, resuitiren increase of the calorific value of the
solid product [2,7].

2.2.1 Cell structure of lignocellulosic biomass

Lignocellulose refers to the three dominant polyimestructures in plants, viz. cellulose,
hemicellulose and lignin. The structures form tbenfdation of cell walls and their mutual
coherence, and as such provide mechanical stramgthenacity (toughness) to plant structures
and so provide body and opportunity to grow in hefgr optimal photosynthesis.

A typical plant cell is structured as shown schécally inFigure 2.1. A single cell typically

contains a primary and a secondary wall. The sergnaall consists of three layers. Individual
cells are connected through a gluey layer callechifddle lamella.
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Figure 2.1 Detailed impression of the structure of a cell wall
(a) part of the cell wall and middle lamella, pany wall and secondary cell
wall
(b) macrofibril mutual structure, (c) microfibrillstructure, (d) individual
cellulose polymers including micelles, and (e) raltoherence of individual
cellulose polymers on a micro level.[8]

The second layer of the secondary wall is the #gtlone and is built from vertically oriented
macrofibrils. The macrofibril is on its turn compalsfrom microfibrils, which predominantly
consist of evenly oriented cellulose moleculesartain length. The cellulose chains comprise
amorphous parts, but also crystalline parts whersblgsequent cellulose molecules are
connected.

The polymeric composition of the different wallsdalayers varies strongly and each wall has
different tasks. Figure 2.2 illustrates how theypwotric composition varies throughout the cell
wall. The middle lamella predominantly contains ligain. Lignin acts as a binding agent and
can be considered a glue to bind adjacent celldlst\the lignin fraction decreases cell inwards,
the fraction of (hemi)cellulose increases. Cellaloseets a maximum content in thedb the
secondary layer and hemicellulose g S

|
s |

> Secondary wail

| ¥ Lignin
o e Hemicellulosas
. (s Callulose
Primary wall {P)
.Ln:slk_ [P
s’cnndaq wall ? From Panghin and de Zesus
Adapied from CAre (1967) - Compound middle lamella rsseo. o. 107

Figure 2.2 Distribution of lignocelluloses within the threeykred secondary wall 9]

The three-layered secondary cell wall mainly cdssi$ cellulose and is very well organised by
nature. The cellulose macrofibrils are embedded imatrix of (disoriented) hemicellulose that
bonds the macrofibrils mechanically, but also tigtodnydrogen bonding. The cell wall has a
repetitive pattern in which hemicellulose binds moébrils of a cell wall and lignin binds
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adjacent cells. The function of hemicellulose iepfwell illustrated by comparing its function
to concrete in reinforced concrete. Without the atete the iron rods lose their mutual
coherence and orientation.

Each layer of the three-layered cell wall has &dént fibre orientation. The main body of the
cells () is a vertical oriented structure of fibres keptai compact form by an outer husk)(S
and annular (inner) husk Soth with near perpendicular fibre orientatioleTwood structure
consists of many of these cellular units ‘gluedjdther by the lignin-rich primary walls. The
anisotropic nature of wood, the fibrous structusecaused due to the differences in thickness
and orientation of the different layers. The wall ells are mechanically organised is copied
multiple times from nature because of the highngjtle and tenacity it provides.

Every type of green biomass has its own typicahdgllulose composition. Table 2.1
summarises the lignocellulose composition of bi@napecies used in the experimental
programme of this work. Woody types of biomasscamramonly divided into coniferous (larch,
spruce, pine) and deciduous (beech, poplar, willoajegories. Next to that a group of
herbaceous species (straw, grass seed hay) is augndedined.

Table 2.1 Lignocellulose composition of different biomageety/[10]

Polymer (wt%) Deciduous Coniferous  Herbaceous
Lignin 18-25 25-35 15-25
Cellulose 40-44 40-44 30-50
Hemicellulose 15-35 20-32 20-40
Composition Hemicellulose (wt%)

4-0 methyl glucuronoxylan 80-90 5-15

4-0 methyl glucuronoarabinocyxylan <1 15-30
Glucomannan 1-5 60-70
Galactoflucomannan <1 1-5

Arabinogalacta <1 15-30

Other galactose polysaccharides <1 <1

Pectin 1-5 1-5

Coniferous wood typically is high in lignin, compear to deciduous wood and especially
compared to herbaceous species. Deciduous ancermusfwood differ in the composition of
the hemicellulose fraction. Whereas deciduous w@od herbaceous biomass) predominantly
consist of xylan-based hemicellulose, coniferousavpredominantly consists of mannan-based
hemicellulose [11].

Another difference between deciduous and conifegpeies is in the content of crystalline
cellulose, which is thermally more stable. Accoglio Wikberg [12], coniferous wood contains
a higher proportion of crystalline cellulose thatiduous wood. She also found that lignin of
coniferous wood is mainly composed of guaiacyl simihereas in deciduous wood it is based
on guaiacyl and syringyl units and that this wdlie an influence on condensation reactions and
gas emissions when applying thermal treatments.

2.2.2 Decomposition during torrefaction

From the three main polymeric constituents of bisspaellulose has received most attention
considering the thermal decomposition of biomasswvéter, as Figure 2.3 illustrates, cellulose
decomposition is not the main reaction in the tenajpee range of torrefaction (200 — 3TD).

During torrefaction, mass loss not related to tws |lof water comes predominantly from the
decomposition (devolatilisation) of hemicellulos@d to a lesser extent from decomposition of
lignin and extractives (resins, fats and fatty acijghenolic compounds, phytosterols, salts and
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other compounds). Xylan-based hemicellulose gelyenals its peaking rate in decomposition
around 250 to 286C. Lignin decomposition proceeds slower, but shavggadual increase of
decomposition rate starting from temperatures @uat?00°C or even lower. The thermal
decomposition behaviour of the individual polymefsbiomass may, however, be different
from their strongly interacted structure in biomésslf. Indications for this can be extracted

from Figure 2-3.
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Figure 2.3 Thermogravimetry of cotton wood and its constitaent
([13] The green lines are added to indicate therdfaction temperature

regime)

2.3 Experimental approach

2.3.1 Introduction

To determine the influence of torrefaction on fpebperties, an experimental programme was
set up as shown in Figure 2.4. It was decidedait stith small scale (<2g) Thermo Gravimetric
Analysis (TGA) experiments, to get a first impressbf reaction behaviour and mass yield at
different torrefaction temperatures. The outcom¢hese TGA tests was then used as input for
batch experiments (1-2 kg), where larger amounttookfied materials could be produced.
With these materials, properties like proximateimdte analysis, mass and energy vyield,
lignocellulose composition and milling behaviouuttbbe determined.

Based on the results of the batch experimentsppiienum temperature for continuous screw
reactor experiments (1-10 kg) was selected. Fragsetltcontinuous tests, material properties
like proximate/ ultimate analysis data, mass anergnyield, lignocellulose composition and

milling behaviour were determined. Furthermore, tlo@tinuous nature of the tests allowed

extensive characterisation of the gases produced.
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Figure 2.4 Set-up of the experimental programme

2.3.2 Experimental facilities
In this section, a description is given of the ekpental facilities applied.

TGA

TGA stands for “Thermo Gravimetric Analysis”, a dhsxale experiment to determine the
mass loss and reactivity of a material under wefltmlled conditions. The TGA experiments
were performed by using a TGA850 from Mettler Taedhis TGA850 has a temperature
range of room temperature to 1100°C and is equipg#dwater cooling. It has a heating rate
of 0.1 — 50 °C/min and a measuring range from @-Ah automated temperature programme
allows different time-temperature profiles.

Batch torrefaction reactor

Batch torrefaction tests were performed in a fiked- or batch reactor, see Figure 2.5. The
reactor consists of a vertical cylinder with anemial diameter of 16.5 cm and an effective
length of 100 cm. The reactor is directly heatgdshpplying preheated nitrogen through a
distributor plate at the bottom. Trace heatinggpli#d to minimise heat losses. Off gases are
transported to an incinerator.

The reactor is divided into three zones, separbtegerforated plates. To measure the bed
temperatures in the reactor, 7 thermocouples aeed! inside the reactor at different axial
positions. Pressure sensors are placed in thenbatbal top of the reactor. All temperatures, gas
flows and pressures are logged, allowing for aféldata analysis. For all the experiments, the
residence time was fixed at 30 minutes. The nitndgev rate was 650,imin.
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Figure 2.5 " Picture and schematic of the batch torrefactionctea

Pyromaat

The pyromaat is an auger or screw reactor withngernal diameter of 15 cm and an effective
length of 120 cm. The reactor wall is electricdilyated and the feeding system has a capacity
of 1 — 10 kg/h. The maximum patrticle size allowgdlie feeding system is 3 cm. The off gases
are sent via a high temperature cracker and acbging unit to an after burner. The
installation is equipped with thermocouples for mwang temperatures inside the reactor and
along its wall. The torrefaction gas compositiomisasured on-line with @GC to quantify the
permanent gases (Ar{O0CO, CQ, CH,). By applying the CEN-certified tar measurement
standard for sampling biomass gasification targawic compounds and reaction water are
trapped in isopropanol for off-line analysis [14}he organics are analysed off-line by a gas
chromatograph equipped with an FID detector. Tlaetien water is analysed by Karl-Fisher.
The chlorine content in the torrefaction gas isedwetned by trapping it in isopropanol and
water and analysing the residue obtained after sextractions by EOX (Extractable organic
halogens). To determine the ionic Cl trapped inewatn ion chromatograph is used.

In the torrefaction experiments, the residence tivas set at 30 minutes and argon was used as
inertisation gas. The pyromaat is shown scheméticaFigure 2.6.
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Cutting mill

A schematic of the cutting mill facility is givem iFigure 2.7. The core of this facility is a
RETSCH SM 2000 heavy duty cutting mill powered b%.@ kW, electrical motor. This motor
runs at constant speed. Disturbances that ocdgethrate and feed properties which influence
the speed of the motor are compensated by altesaiticthe power rate of the motor. Hence, the
power rate at which the motor operates is a medsutbe energy duty done on the milled feed.
The power rate of the motor is registered by thaeitnang system.

feed (batch)

'

electric cutting mill
— -]
motor

screen

dP,/dt

4 Y
dm/dt

monitoring
system

weight balance

Y
Energy consumption in J/kg
Capacity in kg/s sieves
particle size (distribution)

A4

Figure 2.7 Schematic representation of the cutting mill fagili

The RETSCH SM 2000 heavy cutting mill is a batclsevbperated mill. The feeding system is
a funnel through which the biomass is fed intodhading chamber of the mill. In the milling
chamber four cutting bars are mounted. Furthernfote,series of hammers are mounted on the
axis that is driven by the electrical motor. Eaeliies comprises eight individual hammers
which are lined up in jJumped position from eacheotfThe free distance between the bars and
the hammers when passing the bars is 2 mm. In tperdhe biomass falls into the milling
chamber and is circulated by the hammers. In ot&ioo, the biomass passes the four cutting
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bars. It then either gets blocked between the hamared the bars and is cut, or it is pressed
backwards in the open space between a bar ancathmérs. The hammers have an off-set in
relation to each other. The resulting particle $if¢he biomass is regulated by changing the
bottom sieve of the mill (manually).

2.3.3 Materials

For the torrefaction experiments, the following @gpof biomass/ waste streams have been
selected:

« Bagasse » Grass seed hay
* Road side grass * Straw

« Beech * Poplar

*  Willow * Larch

* Pine * Spruce

* RDF/SRF » Trockenstabilat

In previous work [2], a complete set of experimesntsl analysis for willow, beech and waste
wood was already performed. These results areapatrted in detail in this document, but used
as a reference to show experimental consistency.

Prior to the experiments, samples were collectegdcat 105°C and sent for ICP, proximate,
ultimate and lignocelluloses composition analydisequired, the samples were milled to meet
the specifications of the different experimentailfdes and analyses.

2.4  Experimental results and discussion

2.4.1 TGA experiments

For the TGA measurements, the materials were dtidd5°C and milled to a diameter of 65 —
180 um. The sample size was in the range of 10-20 mggétansight in the decomposition
behaviour of the fuels, 3-4 torrefaction temperdunere selected based on previous experience
with woody biomass. The temperature-time profilesvgat according to a standard procedure,
shown in Figure 2.8.
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Figure 2.8 Typical TGA temperature-time profile and weighsloarve
(Bagasse, 260°C torrefaction temperature)

According to this procedure, the temperature ist fincreased from 25°C to 100°C with a
heating rate of 10°C/min. To make sure that allrttegerials are thoroughly dried, the samples
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are kept at 100°C for 30 minutes. After drying, Hzenple is heated to the desired torrefaction
temperature with a heating rate of 5°C/ min. Tredence time at the torrefaction temperature
is set to 30 minutes.

The TGA experiments result in weight loss and iieaatate versus time curves. An example is
shown in Figure 2.9. Weight loss and reaction vatsus time curves of all the tested materials
can be found in Appendix A.1.
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Figure 2.9 TGA weight loss and reaction rate versus time esiffior bagasse at different
temperatures
(Red = Torrefaction at 240°C, Purple = Torrefactiah260°C, Green =
Torrefaction at 280°C)

From the curves, mass yields were derived, as piesdén Table 2.2.

From the TGA results, the following can be conchiide

¢ The highest reaction rate is observed when arrigirthe desired torrefaction temperature.

« Different biomass types show a different behavidletbaceous materials are most reactive
and decompose at the lowest temperatures. The woatlsrials need a higher temperature
to decompose. The highest temperatures are needeROF, probably due to the low
biogenic fraction and high content of plastics.

* The difference in reactivity between the differdnbmass types can be related to their
typical lignocellulosic composition, given in TabRl. Especially the composition and
concentration of the hemicellulose differs betwtendeciduous/ herbaceous species and the
coniferous species. The hemicellulose of the deeiduand herbaceous species is mainly
xylan-based, while for coniferous wood it is glu@man-based. From xylan-based
hemicellulose, it is known that it is more reacttban glucomannan-based hemicellulose.
The difference in mass loss between the herbaaulisleciduous species may be explained
by the larger concentration of hemicellulose pregethe herbaceous species.
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Table 2.2 TGA mass yields for different materials and taotion temperatures

Temperature Residence time Mass yield

[°C] [min] [% d.a.f.]
240 30 90
Bagasse 260 30 78
280 30 66
240 30 79
Grass seed hay 260 30 68
280 30 57
240 30 84
Road side grass 260 30 74
280 30 61
300 30 51
240 30 87
Straw 260 30 75
280 30 57
240 30 89
Poplar 260 30 80
280 30 69
260 30 86
Pine chips 280 30 75
300 30 59
240 30 94
. 260 30 87

Spruce chips

280 30 76
300 30 60
240 30 93
RDE 260 30 88
280 30 81
300 30 68
260 30 82
Trockenstabilat 210 30 76
280 30 67
300 30 50

2.4.2 Batch experiments

To generate more information about the selectethé$ses, batch experiments were performed
resulting in larger amounts of torrefied materialoguced under different torrefaction
conditions. With these torrefied materials, projgsrtike proximate/ultimate analysis data, mass
and energy yield, lignocellulose composition anding behaviour were determined.

For the batch experiments, the material was firgtddat 105°C and crushed to a particle size
smaller than 100 mm. For Trockenstabilat, a sidva&ction was used, as there was a lot of sand
and even stones in the material.

In the batch reactor, heat is supplied from thédmotof the reactor upwards. This gives that the
material located at the bottom of the reactor mté@ up faster than the material at the top of the
reactor. To obtain samples prepared under welhddfiuniform conditions, the reactor is
separated into 3 sections. After running the expeni, the samples from the 3 sections were
stored separately. Torrefied material recoverethftbe section that experienced the conditions
closest to the selected ones was used for furtfeyses and tests.
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Figure 2.10 shows typical temperature profiles myira batch experiment. The figure also
illustrates how the reaction time and the torréfectemperature are defined.
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Figure 2.10 Typical temperature profiles at two locations ineosection during a batch
experiment

An important finding during the batch experimerdsthat, overall, torrefaction generally is

exothermic. In view of this finding, attempts wenade to determine the enthalpy of reaction of
grass seed hay and wood chips with a DSC (diffedestanning calorimetry). However, these

tests did not reveal a significant exothermic béhav A probable explanation lies in the

difference in particle size, which has an impacttlo® extent to which exothermic secondary
reactions can occur.

An overview of the results of the torrefaction esipeents in the batch reactor is given in
Appendix A.2.

Pressure drop

Although the pressure drop across the bed is arorigpt parameter for scale-up of the
torrefaction process (in case of applying a mowied- type torrefaction reactor), the data
obtained from the batch experiments should be nsgdqualitatively. In the batch reactor the
materials are manually compressed in order to ni@rthe voidage and as such generating a
different pressure drop than in an industrial plavtiere the material falls freely on the rest of
the bed.

During a batch reactor test, the pressure was mesil the bottom and at the top of the reactor

by using digital pressure differential sensors wittange of 0 — 400 mbar. Appendix Al2ows

the maximum pressure drop measured during theAd#istalues higher than 400 mbar are not

reliable. From these results, the following obsgoves were made:

« Eight materials have a pressure drop higher thah rhbar and fourteen have a lower
pressure drop.

« In case of torrefied pine, the particle size of ther material was very small (0.075 and 0.3
cm) resulting in a really high pressure drop.

+ Bagasse showed a high amount of dust due to iteragtbrittleness after drying. Next to
that, the material may have been pressed too mbdhktwilling the reactor, leading to a high
pressure drop.
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* In case of RDF, the high pressure drop was cause@nbinternal “explosion”. This
“explosion” was caused by the fact that under eéxvdemperatures the RDF expanded and
started to get sticky. This stickiness formed agmpeable layer.

Mass yield

The solid mass yield on a dry and ash-free basi),(dvas determined as a function of

torrefaction temperature by measuring the totattbateight before and after each experiment.
The results are shown in Figure 2.11, with resiutien earlier ECN batch experiments with

deciduous (willow and beech) and coniferous woart{l) included as a reference.
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Figure 2.11  Mass yield versus temperature for the biomass tigsted in the batch reactor
(Mass yields and temperatures averaged over hieetsections in the reactor)

Figure 2.11 reveals the same trends for reactibgyween the different biomass types as

observed in the TGA experiments:

* Herbaceous species (bagasse, grass seed hay,ideadrass and straw) show a more
reactive behaviour than the other materials duehw&r higher content of xylan-based
hemicellulose and probably their high ash conteat tatalyses the reaction.

» Deciduous wood (beech and willow) shows a moretiabehaviour than coniferous wood.
Its hemicellulose is based on xylan polysugars.

* Coniferous wood (larch, pine and spruce) shows ldveest reactive behaviour as its
hemicellulose is based on glucomannan polysugars.

The results for Trockenstabilat and RDF suffer igdvom the inhomogeneity of these streams
and, as a consequence, the varying compositioheosamples. This makes it impossible to
draw firm conclusions for these materials.

Whilst the trends of the mass yields found in ti@ATtests are similar to the trends found in the

batch tests, the TGA mass yields are up to 15%rloWee difference is mainly attributed to a
difference in reaction time between the two expernits.
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Proximate/ultimate analysis

The C, H, N, O and ash content for all the raw tamcefied materials, together with the calorific
values are presented in Table 2.3. In generalffettdstocks with a higher calorific value are the
ones with a higher carbon content and a lower axygatent, giving a lower O/C ratio.

Table 2.3 Proximate/ultimate analysis data
(The values are the averages of all the differatthees of the same material
analysed. Unless indicated otherwise, all valuesar dry basis)

Material/Parameter Ash 550 (wt%) C H N (0] o/C LHV
(Wt%) (Wt%) (Wt%) (Wt%) (MJ/kg daf)
Bagasse 3.1 46.6 5.7 0.2 44.5 0.95 18.24
Grass seed hay 10.6 42.4 5.8 1.6 39.6 0.93 18.10
Road side grass 23.2 38.4 5.3 2.0 31.1 0.81 19.19
Straw 10.6 42.2 5.7 04 41.0 0.97 17.30
Beech 0.3 45.9 6.2 04 47.3 1.03 17.72
Poplar 11 47.2 6.0 0.0 45.7 0.97 17.68
Willow 1.7 47.7 6.0 0.4 44.3 0.93 17.43
Larch 0.1 47.4 6.1 0.6 45.9 0.97 18.20
Pine 0.5 48.7 6.3 0.1 44.4 0.91 18.53
Spruce 0.3 50.4 6.4 0.0 42.9 0.85 19.67
RDF 15.8 53.8 7.5 0.5 224 0.42 27.20
Trockenstabilat 23.2 41.3 54 1.3 28.8 0.70 20.40

In Appendix A.2 it can be observed that due toefattion the C and N content increases in
almost all the experiments for all the woody antbheeous materials while the concentrations
of H and O decreases. This is mainly due to theass of bounded water and acid groups
during the depolymerisation of the hemicellulosecdptions are Trockenstabilat and RDF,
since for these materials a decrease in N and @wbis observed. The lower heating value
(LHV) can be estimated from the higher heating gdldHV). The HHV is determined using an
adiabatic bomb calorimeter. Figure 2.12 shows tH¥ bf the derived torrefied materials.
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Figure 2.12 Lower heating values of the torrefied materials gquwoed during batch
experiments
(LHV and temperatures refer to the section ofrdaetor with actual conditions
closest to the selected ones)
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From Figure 2.12, in combination with the valuegegi in Table 2.3, it is observed that the
herbaceous materials (grass seed hay and strave) &avgher increase of LHV than the
coniferous and deciduous wood species. This ineréaslready observed within the lower
temperature range. The waste streams show high¥fsLtdan the biomass materials as their
main fraction consists of plastics, which are @meral) higher in energy content than biomass.

Energy yield
The energy yield is defined according to the nermniula:

—_ |:| Elor
Ey - my E
where: Eis the energy yield (referred to the LHV)
m, is the mass yield (8¥May)
E. is the LHV of the torrefied material

E..wis the LHV of the raw material.

A summary of the energy yields for the materiatktdd is given in Figure 2.13.
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Figure 2.13  Energy yields obtained from the batch experiments
(Energy yields and temperatures refer to the eaadf the reactor with actual
conditions closest to the selected ones)

In Figure 2.13, it can be observed that the enerigld decreases at higher torrefaction
temperatures. All the values are higher than 80%epixfor bagasse (270,30). Values for
Trockenstabilat could not be given. The compositibthe material was too inhomogeneous to
come to accurate results.

Lignocellulose composition

Lignocellulosic feedstocks are composed primarily carbohydrates (cellulose and
hemicellulose) and phenolic polymers (lignin). Leowmncentrations of various compounds,
such as proteins, acids, salts, and minerals,|lspepaesent. To determine the concentrations of
hemicellulose, cellulose and lignin, the method®DiF (Neutral Detergent Fibre), ADF (Acid
Detergent Fibre) and ADL (Acid Detergent Lignin)veebeen used (see Appendix A.4).
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Figure 2.14 represents the different concentratidri'emicellulose, cellulose and lignin for the
different feedstocks. For the waste streams theotigllulose composition has not been
determined as the major fraction of these mateai@slastics.
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Figure 2.14
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Lignocellulose composition of the biomass feedsttested
(The codes stand for:

BE --- beech LA --- larch BA --- bagasse

PO --- poplar  SP --- spruce RG --- road side grass

WI --- willow Pl --- pine GS --- grass seed hay
ST --- straw

The numbers indicate different batches of the dgpeof material.)

From the results, the following observations camaele:

» The herbaceous materials show a higher concentrafilemicellulose than the coniferous
and deciduous materials.

* The herbaceous materials show the lowest concimtratt lignin.

» Coniferous materials show the highest concentratfarellulose and lignin.

» A fraction of the feedstock, varying from 3% forllaiv to almost 30% for road side grass,
could not be identified with the method applied isvas not suitable for determining
components like xylose, mannose, galactose, rhagansl arabinose.

The main reason to apply torrefaction is the demfiad of the hemicellulose, as this
carbohydrate is the main cause of the tenacitytlamdhydrophilicity of lignocellulosic biomass.
Figure 2.15 shows the influence of torrefaction the hemicellulose, cellulose and lignin
content for the investigated feedstocks.
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Figure 2.15

Influence of torrefaction on lignocellulose compiasi

(The values between brackets are the temperatuteesidence time during
torrefaction and Green = Hemicellulose, Orange slGese, Yellow = Lignin,

Brown = Ash, White = Other)

From Figure 2-15, the following observations camizle:
For all the samples, the hemicellulose content efesgs with increasing torrefaction

temperature.

Herbaceous materials show a higher reactivity thendeciduous and coniferous materials.

260°C seems to be a good torrefaction temperaturénéont

ECN-E--11-039
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« Coniferous materials show the lowest reactivityeifhoptimum torrefaction temperature
appears to be between 2@0and 300C, which is slightly higher than for deciduous besa
(around 280C).

* Willow (263,30) shows a somewhat unexpected vahsethe hemicellulose should not be
totally degraded under these conditions. This ueetqn result can be caused by improper
handling or deterioration of the material as it vaaglysed 5 years after the experiment was
done.

e Cellulose of grass seed hay and road side grassaeppo degrade rapidly at higher
temperatures, after the hemicellulose has degraded.

Morphology

After torrefaction, the material has been visualigpected, mainly to check the degree of
torrefaction of the different components and matsri As expected, the colour of all the
feedstocks becomes darker brown and the materéainbes more brittle when applying more
severe torrefaction conditions. For the waste siggdormation of agglomerates is observed due
to molten plastics covering the less torrefied niganaterials. Pictures of the different torrefied
materials from the batch experiments can be fonride Appendix A.3.

Particle size reduction

Grinding experiments were executed with several emas to investigate the power
consumption during grinding. Figure 2.16 showsrsilts of these size reduction experiments
carried out on coal, dried biomass and torrefieuiaiss.

A Coal AU BGSo1 GS01(250,29) ARGO1 ®ST01 ST01(259,29)
¢ BE @ BE(264,34) AWI| D P101(268,30) EPI01(277,30) A SP(289,29)
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E
=
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c
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[%2]
c
o
o
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g »
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200 - [ | (9 ®
Ag A\!\.A“__ B
. A '
‘ A ‘ L —® A
0.1 0.2 0.3 0.4 0.5 0.6 0.7

average particle size (mm, volume based)

Figure 2.16  Relation between power consumption and particle 8 coal, dried biomass
and torrefied biomass
(Torrefaction temperature and residence time aregivetween brackets)

The following observations can be made:

e The power consumption of the cutting mill reduceandhtically when the biomass is
torrefied.

* The power consumption for dried biomass strongbyéases when decreasing the particle
size selected as the output.

» Herbaceous biomass like road side grass and shraw ®wer power consumption than the
deciduous and coniferous biomass.
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The measurements are dependent on the initial shageparticle size of the materials so
comparisons between feedstocks should be madecari¢h

Untreated RDF and Trockenstabilat could only beledilcryogenically. On the contrary,
torrefied RDF and Trockenstabilat could be milléd@m temperature. However, the required
power consumption was significantly higher thantforefied biomass. This is attributed to the
fact that a fraction of the material appeared tadiecompletely torrefied leading to blockages
in the mill.

2.4.3 Pyromaat experiments

For a number of materials, pyromaat experimentsewsmducted. For the lignocellulosic
biomass materials, the experiments were performdiged'optimum” temperature with respect
to hemicellulose degradation. For the waste stretimse different temperatures were selected
to get more knowledge about the behaviour of timeaterials. Since the pyromaat is equipped
with a micro-GC and a wet sampling system (accgrdim the tar measurement standard),
information could be collected about the releaspaymanent gases (CO, @H,, Ar, O),
condensables (organic matter), water and chlofmaddition, the same set of analyses as in
case of the batch reactor tests were executed thwthtorrefied materials produced. For the
pyromaat experiments, all materials were dried @&°C and milled to a particle diameter
smaller than 3 cm. An overview of the results caridund in Appendix A.5.

Mass yield and lignocellulose composition
Table 2.4 shows the selected conditions for eadknmahtested.

Table 2.4 Selected pyromaat operating conditions for eaetenial

Material Temperature (°C)
Bagasse 270
Grass seed hay 260
Road side grass 265
Straw 260
Beech 280
Poplar 280
Pine 290
Spruce 290
240
Trockenstabilat 260
280
240
RDF 260
280

Figure 2.17 shows the resulting mass yields andirEi@.18 summarises the lignocellulose
composition of the torrefied materials producedr Boe waste streams the lignocellulose
composition has not been determined, since thernfraction of these materials is plastics. As
can be seen, the hemicellulose of most of the madddras been totally degraded. In addition, a
fast degradation of cellulose can be seen for gsasd hay and road side grass, where more
than half of the cellulose in the raw material lba®en eliminated (compare Figure 2.15 and
Figure 2.18). Pine, spruce and poplar also shoigrafisant decrease in their cellulose content.
In conclusion it can be said that for most matertae selected torrefaction temperature might
be too high. The results for Trockenstabilat and~Rigain are not very accurate, due to the
inhomogeneity of the feedstock.
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Figure 2.17 Mass yield of torrefied materials produced in thgromaat
(Mass vyields > 100% are not possible. This findingst be inaccurate. RDF
and Trockenstabilat are very inhomogeneous. Detaatitn of the mass vyield
becomes questionable)
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Figure 2.18 Lignocellulose compostion of torrefied materialsguced in the pyromaat

Torrefaction gas

During torrefaction, gas is produced and gas pridiuéncreases with increasing torrefaction
temperature. In this section, the composition & thrrefaction gas will be discussed. A
distinction will be made between the permanent §é€©, CQ and CH), including (reaction)
water, and the organic compounds (“condensabl®&dyeover, for RDF and Trockenstabilat,
particular attention will be paid to the fate ofaime.

The results for the permanent gases, reaction veat@rchlorine are shown in Figure 2.19 to
Figure 2.21.
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Figure 2.21  Gas composition for the waste streams

It can be concluded that for woody biomass, strad ldagasse, the torrefaction gas is most

suitable for combustion due to the higher contéi@® and organics.

The results for the waste materials RDF and Trostednilat must be used carefully due to the
unhomogeneity of the feedstocks that can lead tmavconclusions. Nevertheless, the gaseous
chlorine emissions appear to be significant, coptta what is generally found for biomass

feedstocks. Probably, these emissions originate fre plastics fraction.

Organic fraction

The composition of the organic fraction of the édaction gas is given in Figure 2.22 to Figure

2.24.
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Figure 2.22  Production of organic compounds for deciduous aomiferous wood
(as percentage of the total gas production)
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For deciduous and coniferous wood, the main pradincthe gas are acetic acid and methanol.
According Bergman et al. [2] and Prins [15], it waspected to find more acetic acid and
methanol in the torrefied deciduous wood samples tin the torrefied coniferous wood
samples, since the hemicellulose of deciduous wduas acetoxy- and methoxy- groups
attached to the polysugars (mainly xylan) and tlgrseips are released at temperatures above
20C°C. However, this is not confirmed by the data gatest during this investigation. Possibly,
this is caused by the differences in torrefactemgerature, which might have an effect on the
degradation of cellulose, lignin and other minompounds (extractives) as well.

This seems to be supported by the data for podalame quantities of phenolic (phenol,
isoeugenol, syringol) compounds, typical from ligdiegradation, are found and also in the high
guantities of methanol and lower quantities of mherleased by coniferous materials. Lignin
from coniferous wood is thought to be more stabéntfrom deciduous wood.
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Figure 2.23  Production of organic compounds for herbaceous nelte
(as percentage of the total gas production)

For the herbaceous materials the range of compeméttt significant values (set at >0.1%) is

not as broad as for the woody material. The dontinamponents are acetic acid, methanol, 1-
hydroxy-2-butanon, acetol and furan-2-methanol y@races of phenolic compound were found

in the torrefaction gas released by any of the ée¥bus materials suggesting cracking activity
by the mineral matter. Furan-based substancesoarelfdue to hemicellulose degradation of
C2-C4 oxygenates (acetol, 1-hydroxy-2-butanon)road side grass, the percentage in furan-
based species is much lower and could be relatatietchigh degree of degradation of its

cellulose diluting the hemicellulose typical compats.

The gases produced by thermal treatment of theewsistams have a lower concentration of
organic compounds than the other materials testeel,Figure 2.24. The organic fraction of
RDF has a completely different composition thancKemstabilat. The inhomogeneity of the
materials, however, plays an important role. lkesathe interpretation of the results difficult.

At the lowest temperature tested, acetic acid aathamol are the main products due to early
stages of degradation of the plastic and orgaaictiivns in the materials. Whilst increasing the
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temperature the amount of different species inea$ypical pyrolysis products of carbon
based materials like levoglucosan becomes the maiduct for RDF at 28, indicating
advanced degradation of some of the polymers ifietb@stocks.
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Figure 2.24  Production of organic compounds for waste streams
(as percentage of the total gas production)

A common phenomenon for all the experiments washtbekage of the filter in the cold trap
before the micro-GC. The deposit was collected faoma experiment with straw. To study the
composition of this sticky material, GC/MS analy$is H, N, O determination and TGA tests at
270°C (torrefaction temperature for the experiment) atd1000C (to assure complete
carbonization of the material) were performed. Ftbig, it could be concluded that in the data
presented, the amount of phenolic compounds releahee to lignin degradation is

underestimated.
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3. Pilot-plant design, construction and commissioning

3.1 Introduction

An important part of the TorTech project was thsige, construction and commissioning of a
pilot-scale torrefaction test installation, namedrRIG.

The design is based on moving bed technology wittctheating of the biomass materials by
recycled product gas (torgas). No pre-drying offtlesh biomass is incorporated in the design.
If pre-drying is needed, then this will be doneeemtlly. The design is based on the knowledge
generated in three earlier projects executed by BGH TU/e. The detailed design and the
erection of the plant were executed by ECN perdoring for special components external
expertise and component suppliers were involvee. Stale of the pilot plant has been set to be
50 - 100 kg/hour biomass input.

3.2 Background

Before the design of the pilot plant started, eréiture search was done to see what concepts
were already available. A selection of pre-existiogefaction technologies is given in Figure
3.1.
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Figure 3.1 Impression of pre-existing torrefaction technolagie

All the existing technologies were evaluated. Ipegrs that most technologies were derived
from existing drying or pyrolysis technology. It svaoncluded that most of the existing
technologies had serious limitations in terms of:

* not being fuel flexible / robust

¢ having limited scale-up possibilities

» having high investment cost

» having a limited energy efficiency

« allowing limited control of process parameters
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Therefore it was decided to develop a novel tootgfa concept based on moving bed
technology with direct heating of the biomass matety recycled product gas (torgas). Based
on thorough knowledge of the torrefaction processt effective and flexible moving bed
concept was designed with special features conugthe gas-solids contacting enabling a good
temperature control in the reactor.

3.3 PATRIG pilot-plant design, construction and commissioning

The design of the pilot plant started in June 2@ the definition of the "Programme of
Demands". With this document the first drafts of tlFProcess Flow Diagram” and the "Process
and Instrumentation Diagram” were made and thegsodata for all the necessary equipment
was determined. With these documents all the auyilequipment was specified and ordered
from the equipment suppliers. The reactor itseltluding the complete process safety and
control system of the plant, was designed and cactsid by ECN Engineering and Services.

In order to come to a reliable reactor design d @iolw model of the reactor was fabricated. Gas
flow tests were conducted in order to develop prajesigns for the gas inlets and outlets. A
generalised flow scheme of the PATRIG torrefactmlot-plant (with additional facilities in
yellow) is given in Figure 3.2.

Air

Utillty fuel

>

Flue gas to stack

combustor

A 4

Gas
recycle

Wet biomass Drying : Cooling Pelletisation | BO,pellets
—_—> —»  Torrefaction > > at —
bulb farm ! l storage CPM
: 7y
E blower
Thermal oil loop i~ | Heat exchanger

and -

Figure 3.2 General flow scheme of the ECN PATRIG pilot-plant
(BO, pellets = torrefied biomass pellets produced adomy to the ECN
torrefaction-based B@technology)

If required, the biomass is pre-dried at a bullmfarear ECN to a moisture content of <20%.
After drying the biomass is torrefied in the movibgd torrefier which is flushed with
circulating gas. This gas is the torrefaction gasg@s) released during the torrefaction process.
The gas is circulated, using a blower, and heatedheat exchanger with an electrically heated
thermal oil system. The surplus torrefaction gasuisit in a combustor and vented to the stack.
The torrefied material is extracted from the rensia screw conveyors and stored in storage
vessels were it cools down. In case densificatfll€tisation or briquetting) of the torrefied
material is required, the torrefied material is\orted to a pelletising/briquetting facility; e.g
to the test facility of California Pellet Mill (CPMone of the large pellet mill producers) in
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Amsterdam. At CPM, the torrefied material can biadgd and pelletised in a semi-industrial
size pellet mill.

For the capacity of the pilot plant, 50 to 100 kgnbass input was chosen, depending on the
characteristics of the biomass. The maximum deggmperature in the reactor is 350°C, but
normally the torrefaction temperature will be betwe20 and 300°C.

Figure 3.3 shows the three stories high pilot pkdter erection. On the top floor the biomass is
fed to the torrefaction reactor via conveyor beltsl a sluicing system. On the first floor the
directly heated moving bed torrefaction reactaitgated. Here the biomass is heated, using the
recycled torrefaction gas (torgas). On the grododrf the torrefied material is extracted and
stored in storage bins.

-

.!

“ idlEII!s

Figure 3.3 PATRIG torrefaction pilot plant at ECN
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The construction and assembly of PATRIG were cotaglén September 2007. Cold and hot
testing started with wood pellets to mechanicaibt the feeding and extraction systems. Wood
pellets were chosen for the first tests, becausgdhe dry and easy to handle.

During cold testing, the reactor could not be btdug working pressure. In- and outlet valves
and expansion joints were leaking and had to blaceg or modified. A gland of a blower had
to be replaced by a labyrinth gland with nitrogealsFurther, it was discovered that there was
a high pressure resistance in some pipe work. Theaetraced pipes had to be replaced by
pipes with a bigger internal diameter. The torefidgomass extraction mechanism had to be
modified as well. The capacity was to large, jedjsing proper control of the throughput.

All the necessary modifications were executed incddeber 2007 and January 2008.
Subsequently, the first torrefied material was piesdi batch-wise in February 2008. It was
planned to execute the first series of torrefactests with wood pellets and that wood chips
would be used after that. However, it was noticadrd) the first tests that the wood pellets
disintegrated during torrefaction. Therefore, tleeigion was made to stop with wood pellets
and continue the tests with wood trimmings. Thesedwtrimmings were wet when delivered
and had to be dried. Drying was done at the nefolwer-bulb farmer, see Figure 3.4. A high
percentage of dust, sand and needles was detentedceeened out after drying. The wood
trimmings were delivered in big bags and stored,Rgure 3.5.

Storage of woodchips

Figure 3.5

During drying and handling of the biomass, it wamauded that big bags were not very
practical. Bulb drying is done in wooden cube boxéh a steel grid as bottom plate. Following
that example, it was decided to use the same omkestas well for drying, storage and handling
of the biomass. Especially during storage, the ddes proved to be practical, since they can
be stacked.
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On Wednesday MarcH"52008, PATRIG was in full operation for the firsing, with all the
systems running automatically. The pictures in Fegl.6 show the fresh biomass trimmings
that are used and the first batch of torrefied winimdmings, as they leave the reactor.

B

Torrefied biomass in full product collection vessel

Biomass sample

Torrefied biomass sample

Figure 3.6 Pictures of fresh biomass to the reactor and téedfbiomass leaving the

reactor

After a number of tests, including duration tegitsyas concluded that the product vessel was
too small. The vessel was full within one hour andrder to change the vessel the extraction of
torrefied materials had to be stopped for 15 misuiénis gave big disturbances in the process.
Therefore the small vessel was removed and replagetivo big product vessels and an
automatic switching system, see Figure 3.7. As smoone vessel is full, the product flow is

ECN-E--11-039
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switched over to the other vessel and the full eleissreplaced by an empty one. In this way no
process interruptions occur anymore.

Figure 3.7 New torrefied product collection system

During commissioning, the torgas combustor needexh ettention as well. The combustible
gas produced during torrefaction was burned in mbegstor. In this combustor, an ignition
burner was placed to ignite the torgas. The tentpeyan the combustor is limited to 950°C.
When the temperature rose above this value, thddgrburner was switched off. This method
of controlling the temperature in the combustor egamegularities in the process. After
modifications, the temperature in the combustoois controlled via extra excess air.

After these modifications the pilot-plant appeatedrun smoothly and a lot of valuable

operating experience could generated. An overvitthie experience generated is given in the
next chapter.
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4.  Pilot-plant torrefaction trials

The commissioning of PATRIG ended after the inatalh was in full operation and the first
torrefied material was produced in March 2008. Afiemmissioning, trials started to generate a
better understanding of the behaviour of the pgi@nt. In this chapter, the results of the
torrefaction trials in PATRIG are summarised. Thial$ were directed to validation of the
results and findings in the small-scale experimantsto optimise pilot-plant operation. During
the trials, both solid and gaseous products wergks and analysed.

In the original TorTech test programme, trials wetheduled with a wide variety of biomasses
including Trockenstabilat and other RDF or SRF titats, demolition wood, clean wood, road
side grass and straw. However, since the costth&commissioning of PATRIG were much
higher than originally anticipated, the remainingrTech budget for torrefaction trials was
limited. Furthermore, after extensive test workf@ened in the batch reactor reported in
Chapter 2, it was concluded that testing Trockduilstaand other RDF or SRF fractions,
demolition wood, road side grass and straw in PATRiould give permitting problems and/or
would require special precautions. Therefore NL igeagreed to limit the test work to trials
with clean wood chips and wood trimmings. Howewertside the TorTech project many other
trials were executed by the end of 2010, for instawith agro residues from the palm oil
industry, poplar chips, mixtures of clean wood ehigaspen chips, pine chips etcetera. By the
end of 2010, PATRIG had been in operation for nmtben 800 hours. More than 30 tons of
torrefied materials were produced during shorto8rhrials and several longer-duration trials
ranging from 40 up to 100 hours of continuous ofp@na

In all the trials, the torrefaction temperature \easwveen 220 and 280°C inlet temperature. The
capacity ranged from 40 to 60 kg/hr input. Smoopieration and straightforward start/stop
procedures were developed and demonstrated.

During the runs, the influence of the gas flow ratel the torrefaction temperature on the
torrefaction process was studied. In general, thdestly exothermic nature of the torrefaction
process was confirmed, leading to locally highengderatures in the reactor than the gas inlet
temperature. By using proper gas velocities, gawmdperature control can be ensured. Higher
torrefaction temperatures enhance the exothermdditthe process. By choosing proper gas
velocities in combination with a proper inlet temgiere of the circulating gas, the desired
torrefaction temperature can be maintained. Duttiegtrials, it was demonstrated that the mass
and energy yield found in the batch reactor camepeoduced in PATRIG. From this, it was
concluded that with the results obtained in thetbatactor it is very well possible to predict the
torrefaction behaviour in the pilot plant.

After the tests with gas flow and temperature ‘e the attention shifted to optimisation of
the product quality. The torrefaction conditionfiience the grindability and the pelletisation
behaviour of the torrefied material. In generalavily torrefied material is brittle and easy to
grind, but is more difficult to pelletise. Tests weconducted to better understand this relation
and to find optimum conditions (see Chapter 5, f@faction and pelletisation™). The first lab-
scale pellet of torrefied material produced on @atioaious basis in PATRIG was made in week
13, 2008. A picture of the first two pellets is givin Figure 4.1.
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Picture of the first lab-scale pellets from biomdssrefied in PATRIG

Figure 4.1

Later, much more pellets were produced on a seduisinial scale as is illustrated in Figure 4.2.

3 _
Figure 4.2 Pellets produced from wood torrefied in PATRIG

By performing longer-duration trials, the behaviaidrthe installation during longer operating
periods was studied. It was demonstrated that ns&llation operates reliable over longer
periods of time. The installation shows high feedktflexibility and the pressure drop in the
system can be kept to a low level. Since the redas a relatively small diameter, bridging can
occur when oversized particles are fed. Bridging lsa prevented effectively by removing all
oversized particles.

Additional research focussed on the composition@ogerties of the torrefaction gas (torgas).

This torgas is a mixture of (reaction) water, C@,@nd organics. The organics are a complex
mixture of organic compounds like acetic acid, matii and many other compounds, as

described in Chapter 2. These compounds will cosatenat certain temperature levels. Tests
were conducted to generate better understandirtgeobehaviour of these compounds when

changing the temperature of the torgas. The tdggesmbusted in a combustor. The flue gasses
of the combustor are analysed on-line. The emissineasured were low and comparable with

natural gas combustion (0-50 ppmv CO and 20-70 piH@y.

When the torrefied material leaves the reactas #tored in air tight storage bins where it cools
down to nearly the temperature of the environm@fier disconnecting the storage bin, air
enters the storage bin. This admittance of air hastone with caution, so that the material gets
the time to "get used" to the oxygen. Otherwisajaurcertain circumstances, the product can
heat up spontaneously and start to smoke. Extihopgsthis spontaneous combustion can be
difficult.
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5.  Torrefaction and pelletisation

5.1 Objectives

Despite proof that torrefaction in combination wélletisation leads to a better pellet quality,

no industrial production recipes were availabléhatstart of this research programme. The first

exploratory investigations by ECN showed good pexpes for torrefied pellets. However,

some of the benefits were based on assumptionsctmanly be validated by research. In

particular the relationship between torrefactiod aelletisation conditions and their influence

on the pellet quality is an area which needs furtesearch. Therefore, the following research

objectives were formulated:

« Determination whether it is possible to producedyquoality pellets from torrefied material.

* Research on the relationship between torrefactiot pelletisation conditions and the
resulting pellet quality.

5.2 Approach

The research work started with small-scale tesiseatensive analysis of the pellet quality (e.g.,
strength, water uptake, shape stability and bicklgiesistance). Selected batches produced in
the batch reactor were used to conduct pelletisdésts in a single-pellet piston press at ECN
and in a continuous bench-scale pelletisation ¢hdl- 50 kg/h) of CPM in Amsterdam. On the
basis of these results, selected batches of tedrgfioduct produced in PATRIG were taken to
conduct 100 - 500 kg/h pelletisation tests with tBBM semi-industrial pellet mill. The
experimental pelletisation facilities applied aescribed in the following sections.

5.2.1 Single-pellet piston press

Experiments at ECN were carried out in a singléepebtruers Prontopress (lab-scale piston

press) with a piston diameter of 17 mm. A pictwaiven in Figure 5.1. The feed is batch by

batch and 3-6 grams of material can be pelletidegending on the specific weight of the input

material. Around the piston is an oven, which aliothie piston to be heated to 300°C, so

pelletisation at high temperatures is possible hwhe help of the available cooling system, the

pellets can quickly be cooled after the experim&he pressure of the piston press is adjustable
between 0 and ~ 1700 barg.
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5.2.2 Bench-scale pellet mill

Experiments at CPM were carried out in a continuBB#1 bench-scale pellet mill (see Figure
5-2), with a regulated feeding screw. The througlgftthis mill is 10 kg/hour at full capacity.
The pellet mill warms up by the heat generatedriayidn in the die. Steam conditioning is not
possible in this pellet press, but it is possibbe manually add moisture to improve the
lubrication in the die.

Figure 5.2 CPM bench-scale pellet mill

Prior to pelletisation, it is important that thevrenaterial meets the specifications, being a Dp50
of 1 mm. The raw material is stored in a bunke @ transported to the pellet mill by a
vibrating gutter. Figure 5.3 (left) shows the pijte of the CPM pellet mill.

In this type of pellet mills, the die rotates ardute roller and the material inside the pellet
press is forced against the inside of the die rifegal forces. The quality of the pellet will
largely depend on the resistance in the die. Té#ggstance is determined by factors such as die
length, diameter and particle matrix. To reducertsistance in the die, extra moisture addition
to the raw material is needed, that acts as adalri The resistance in the die will also create
frictional heat, which can be beneficial. Becausis tethod of pelletisation is a continuous
process, a knife at the outlet of the die cutspbiets at the desired length. Figure 5.3 (right)
shows how the pellets exit the die.

rayw material

die

Figure 5.3 Principle of pelletisation (left) and exit of theP® die with torrefied pellets
(right)
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5.2.3 Semi-industrial pellet mill

CPM'’s pelletisation unit named HYFLO (Figure 5.4) a semi-industrial pellet mill with a
capacity of approximately 200-300 kg/h. CPM offargariation of dies that can be used in this
pellet mill. The feeding rate can be adjusted miy@and the moisture supply is manually as
well, mostly by pre-mixing the material with watérhis pellet mill offers the possibility to
supply extra moisture by two manually driven spuayts. The temperature of the die is around
80-100°C after continuous operation for a smalliqeerof time. There is no possibility to
(pre)heat the die. The machine’s maximum amper§6 Amp.

9 ‘-i\\.
Figure 5.4

CPM semi-industrial HYFLO pelletisation unit

5.3 Experimental results and discussion

5.3.1 Single-pellet piston press tests

In this paragraph a summary of the basic work edraut in the Struers piston press at ECN is
presented. Research carried out by Reed and Bd@hshowed a positive influence of thermal
treatment of materials on the density of a pelléte experiments carried out by ECN also
showed that thermal treatment has a positive eféecthe density of a pellet. Figure 5.5
represents the experimental values of Reed anchBrgad the experimental values of the ECN
experiments. The left Y-axis represents the valoethe density and the right Y-axis represents
the percentage of weight loss.
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Figure 5.5 Influence of pelletizing temperature on pellet dgns

From Figure 5.5, it is observed that for both th&ues of Reed (and Bryant), and the values of
the ECN, the density of the pellet increases witltéasing temperature. Pellet density reaches a
maximum around 200°C;. At higher temperatures, wiagght loss increases and the pellet
density decreases again. This trend can be exglame the fact that around 200°C
decomposition of the material is initiated. Thiscaposition results in an increased weight
loss. During the ECN experiments not only clearomilwas pelletised at higher temperatures,
also torrefied willow was tested. Table 5.1 shotws tesults of density measurements with
torrefied willow, pelletised at different pistonnmtperatures. Torrefied willow showed similar
results in terms of density, but it is remarkaliiattthese densities can only be obtained at
higher temperatures.

Table 5.1 Pellet density in kg/frfor torrefied willow, pelletised at elevated temgtares
(TW 260-24 = Willow, torrefied at 260°C for 24 mias, X = No good quality
pellet could be produced, nt = not tested)

Piston temperature / 20°C 100°C 150°C 175°C 200°C 225°C 260°C
Material

Willow 947 1220 1219 1239 1285 1056 nt

TW 260-24 X X X X 1275 1306 825

TW 280-60 X X X X X 1198 1268
TW 280-120 X X X X X 1171 1244
TW 290-24 X X X X X 1202 1282

The observed shift in temperature between the meshtorrefied material may be caused by the
fact that torrefied material was already torrefiedn external reactor. With this, the weight loss
in the initial decomposition step is not visible tbe torrefied materials.

The results show that the highest density for fmuematerials can be obtained by pelletising
20-30°C below the applied torrefaction temperatifrehe temperature in the piston gets closer
to the torrefaction temperature, the material staot decompose and the temperature can
increase further by exothermal reactions, giving $mots and further decomposition in the
pellet (Figure 5.6). The formation of hot spotsmsseadependent on the pellet diameter. With
small diameter pellets (6 mm) it seems that ex#at ltan be transported via the wall of the
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piston, while with bigger diameter pellets (> 10 Jrinis occurs to a lesser extent, which results
in hot spots within the pellet itself.

Figure 5.6 Hot spot on the inside of the pellet after highperature pelletisation

Pellet strength

The strength of a pellet is determined by means @ompressive test. A pellet is placed
between compressive plates parallel to the surf@ibe. specimen is then compressed at a
uniform rate. The maximum load is recorded alonghvetress-strain data. In this case the
results are normalized with a "standard pellet” duwed from willow at 100°C piston
temperature. A value of 1.7 indicates that thegpelhder investigation is 1.7 times as strong as
the "standard pellet”.

Table 5.2 shows the results of the strength oéfimd willow pellets.

Table 5.2 Normalised strength of torrefied willow pellets
(TW 260-24 = Willow, torrefied at 260°C for 24 mias, X = Not tested)
Piston temperature / 200°C 225°C  260°C
Material
Willow X X X
TW 260-24 1.70 2.06 1.16
TW 280-60 X 1.29 2.03
TW 28(-12C X 1.01 1.52
TW 290-24 X 1.63 1.99

The results of the *1experimental series show that torrefaction haositige effect on the
strength of the pellets. In addition, the densitytree pellets is larger, which means that the
porosity of the pellet has decreased, allowing lasssture and air within the pellet. With the
higher density, there is better contact betweetighes, leading to stronger pellets.

Hygroscopic behaviour

During torrefaction, depolymerisation of the polymeccurs. The hemicellulose is largely
destroyed, disabling the biggest moisture absamptiapacity. Further, many oxygen groups
such as hydroxyl, carbonyl and carboxyl are remofredh the cell wall polymers during
torrefaction, making room for furan-aromatic, abil structures. With this change in structure,
the hydrophilic groups are replaced by hydrophabitips, so water is rather rejected from than
attracted to the pellet.

Torrefied willow pellets were tested on their hyggopic behaviour. Table 5.3 summarises the

results. The values given in the table are pergeniacrease in moisture content. Values > 50
indicate that the pellet was not sufficiently hyplnobic to measure an accurate moisture
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accumulation (they fall apart). It should be mem¢id that this test of the hygroscopic nature of
a pellet is not a standard test. Therefore thidhotetan only be used in a comparative way.

Table 5.3 Normalised moisture assimilation in % for toregfiwillow pellets
(TW 260-24 = Willow, torrefied at 260°C for 24 mias, X = Not tested)
Piston temperature / |200°C 225°C 260°C
Material
Willow X X X.
TW 260-24 >50 >50 30
TW 280-60 X 40 11
TW 280-120 X 32 13
TW 290-24 X >50 18

The results clearly show that a higher degree oktaction (higher temperature and longer
torrefaction time) has a positive effect on the ropthobic behaviour, as the higher degree
torrefied willow pellets show a smaller amount aiter assimilation. Striking is the difference
in hygroscopic behaviour when pelletisation is dahelifferent temperatures. This difference
can either be explained by the lower density ofgbkets at lower piston temperatures which
creates open space were moisture can enter, dichipftuence of fatty’s and lignin aelevated
temperatures.

5.3.2 Bench-scale pellet mill tests

Results in this paragraph represent a summary efekperimental work carried out in the
bench-scale pellet mill at CPM. Experiments wergied out with various types of torrefied
biomass, torrefied under different conditions, laswen in Table 5.4.

Table 5.4 Materials used in the bench-scale continuousepaeitiill tests
Test number | Material Torrefaction conditions Dpso
(Temperature, reaction time)
1 Various Orientation
2 Various Orientatior
3 Various Orientation
4 Willow 230,6( N.A.
5 Willow 250,60 N.A.
6 Willow 260,24 N.A.
7 Willow 260,60 N.A.
8 Willow 270,60 N.A.
9 Willow 280,60 N.A.
10 Willow 290,24 N.A.
11 Willow 290,6( N.A.
12 Willow 280,120 N.A.
13 Cutting wood 270,22 0.70
14 Cutting woot 270,3: 1.0C
15 Cutting wood 280,20 0.65
16 Cutting wood 290,12 N.A.
17 Demolition wood 280,11 0.70
18 Demolition wood 300,11 0.65
19 Straw 240,30 N.A.
20 Grass seed hay 240,30 N.A.

Twenty experiments were carried out at CPM, withryiey materials and pelletizing
parameters. The first 3 tests were short exployatgperiments with various materials. Within
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these tests, several settings like die lengththdkness and moisture content were varied. An
important criterion to judge the quality of pel&ttion was dust production. During a number of
tests with grinded particles with a cut-off diammetelmm, apart from of pellets, dust was

produced in the pelletiser. The die emptied befopeoper pellet was formed. Using longer dies
and more moisture did solve the problem. The pelebduced during the initial experiments

showed a large variation in quality, but sometimesd quality pellets were produced.

In the tests 4-8, the cut-off of the grinded matienias <4mm. This avoided dust formation. The
die filled itself properly with biomass. It was ma#d that for proper lubrication of the die, 15
wt% extra moisture had to be added to the raw nahtéwith less moisture addition, the

material got stuck in the die). The pellets loolgebd and showed a shining black skin. The
original moisture content of the material was 3 wtth 15 wt% extra moisture, the moisture
content of the ingoing material is approximately WB6. After pelletisation and cooling, the

moisture content of the pellet was 9 wit%. The rektthe moisture evaporated during

pelletisation and cooling.

For the tests 9-11, the cut-off of the materiaswa4 mm. The purpose of these tests was to
investigate the possibilities of reducing the extr@isture addition, whilst maintaining quality.
An important variable influencing the required exmmoisture addition is de dimensions of the
die. During these tests a shorter die was usethggivetter results than in the first 3 tests. By
applying the shorter die it appeared possible doice the addition of extra moisture in the raw
material to 10 wt%, the moisture content of thégielproduced was around 7 wt%.

Tests 12-20, finally, were mainly carried out toastigate the hygroscopic behaviour of the
heavier torrefied materials. For the heavier toedefmaterials 15 wi% extra moisture was
added. It was observed that heavier torrefied prodeoduced poor quality pellets (brittle and
short).

Density

The particle density of the produced pellets wasveen 1200 and 1300 kginiThe highest
densities were obtained by pelletizing relativéghtly torrefied material with an extra moisture
addition of 10 wt%. The lowest densities were alediwith pelletizing heavy torrefied wood,
which in most cases needed 15 wt% extra moistutiiad.

Abrasion resistance

To investigate the abrasion resistance of the gselflembling tests were performed. The results
of the standard tumbler test show that the pergenvé fines was for all the pellets between 3-6
wit%.

Moisture content

In all cases moisture was added to the raw todefiaterials to reduce friction in the die and to
improve the throughput. At the end of the experiteghe equilibrium moisture content of the

pellets was determined by applying the ASTM D32@1(:2003) standard "Standard test method
for hygroscopic properties of fire-Retardant wood avood-based products.”

In general terms, there is a difference betweentdneefied and non torrefied wood. The
hydrophobic nature of torrefied wood is signifidgritetter than that of non torrefied wood. At
full saturationthe torrefied wood has a moisture content of ~&ws. 15 wt% for non torrefied
wood. This difference in moisture content can belared by the fact that within the
torrefaction process the hydrophilic oxygen groapsreplaced for the hydrophobic groups. At
ambient conditions, the average moisture contentheftorrefied pellets is around 7 wit%,
compared to an equilibrium moisture content of 3owdf the torrefied starting material. This
difference of moisture content at ambient condgi@partly saturated) can be explained by the
fact that moisture is added within the pelletizipgpcess to reduce friction in the die. The
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heavier torrefied materials cause more frictiontredly possess less lubricant), making it
necessary for such materials to add extra moistutée friction in the die is acceptable.

Looking to the total saturation, it is observedtthaavier torrefied materials absorb less
moisture than lighter torrefied materials. It isalobserved that the percentage of increase of
the moisture content is lower for the heavier toete materials compared to lightly torrefied
materials. With this it can be argued that heatoerefied materials show a more hydrophobic
behaviour than lightly torrefied materials.

5.3.3 Semi-industrial pellet mill tests

For the large-scale tests, the semi-industriakepetiill of CPM was transferred to ECN, together
with a roller mill, in which the torrefied materialas reduced in size. As this was the first test
series on a semi-industrial mill, this test sevies envisaged to be of a trial and error nature.

There are a limited number of parameters to vary:
Before the test run:

« diameter of the holes in the die

« length of the holes in the die

» distance between the rollers and the die

* input power/rotation speed

During operation:
« feeding speed of material to the pellet mill
« amount of water added in the mixing chamber

Parameters of the material to be pelletised:

e particle size

* moisture content

* binder, either mixed beforehand or in the mixingroiber

By using different die-hole diameters, differenttenels and different input power/rotation
speeds, it was expected that insight could be ddain the possibilities of pelletizing torrefied
materials. Some findings:

Feed rate

During pelletisation, the only parameter which @®d to control is the feed rate. The feed rate
is determined by the speed of the screw feeder ealtlo® pellet mill. Too high feed rates
overload the machine and lead to blockages in thxermthe chute or in the grinding zone.
Applying too low feed rates can lead to too highperatures in the grinding zone.

Resistance

The die determines the resistance during the estrusf the particles in the holes. This is a
combination of diameter and length of the holesti@none hand the resistance must not be too
high to prevent blockages, on the other hand safficoressure must be generated in order to
compress the material to generate binding. Thezefloe design of the die is crucial for the
production of good quality pellets.

Temperature and heat

The temperature in the pelletizing zone increasésnaatically. All the electric energy supplied
to the pellet press is transferred to heat. The iseased to make the material softer and to
activate the binding components in the materiak Tkat is dissipated via the product and by
evaporation of water. Due to this water evaporattmn temperature cannot rise much higher
than 100°C. If the temperature increases too mietpmposition reactions will start.
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Blockages

Blockages are always caused by a too high resistanthe die. In that case the throughput
through the die is lower than the feed rate andftleel material is overloading the grinding
zone.

After a whole series of trial and error tests ib dg&e concluded that pelletizing is a delicate
balance between material quality, particle sizetewand binder admission, die thickness and
hole size. If the recipe is wrong, either blockimgemptying of the die will occur, resulting in
either extremely high power consumption of thegigiress (and sometimes very good quality
pellets), or large quantities of dust and hardly pellet production. Finding the proper settings
to produce good quality pellets is not a straighterd thing, but is based on practical
experience. Some rules can be specified, but fzétigtis more an art than a science. At the end
of the trials a good combination of die thicknessl dole diameter was found and larger
quantities of good quality pellets were producedlasyn inFigure 4.2
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6. Economic evaluation and CO,-emissions

A comparison between wood pellet and torrefied woeltet production in case
of a retrofit

6.1 Introduction

Torrefaction is a technology which may be appliethie wood pellet industry. Wood pellets are
currently being used as a carbon emission redudelto replace coal in power plants. They
consist of grinded, dried and compressed wood. mhgr cost component of wood pellets,

besides the wood costs itself, is logistics. Thassts can be reduced by applying torrefaction
technology in the process: it increases the dergsitferms of volume and energy) and the
product becomes water resistant, where wood petietst at all times be kept dry. This, in the

end, can result in a lower cost per unit of enelgljvered to the customer.

In the original TorTech programme, it was planneat,twith the knowledge gained in the other
work packages, GF Energy and ECN would evaluatetio@omic potential of torrefaction, on
the basis of the ECN torrefaction technology, foee concrete cases: a Trockenstabilat case, a
demolition wood case and an import case. The etiatuavould include an estimate of the
investment- and operational costs, leading to prtoin costs and an estimate of the return on
investment. However, during the course of the tdjebecame clear that due to developments
outside ECN it became less important to execute pinogramme. A demo project for the
torrefaction of Trockenstabilat was under constamctmaking the economic evaluations out-
dated. Therefore NL Agency gave permission to chahg content of the evaluation and to
limit the study to the import case in the coursevbich:
« much attention would be given to the (costs of\vihele logistic chain and
¢ the economic evaluation would be extended with a kalance over the whole logistic chain
in relation to a comparable chain based on conseatiwood pellets. This because the net
CGO, reduction is an important durability criterion athds criterion was not yet determined
for the torrefaction route.

In the course of this study, a detailed model heenldeveloped for calculating the full-supply
chain costs of the two fuels. As a case study,napesison has been made between these wood
pellets and torrefied wood (TW) pellets in termsesbnomics and C@emissions during the
production chain until delivery at the power plgate. Claimed cost advantages at the site of
the end user, like cheaper handling and storages hat been taken into consideration as they
are very site-specific. The assumption is thattteelucts have the same sales price expressed in
EUR/GJ product as the power plant gate. Thus, stusy presentgonservative result$or
production of TW pellets. In this report, speciftost information is omitted due to the
confidential nature of this data.

6.2 Process description and assumptions

In this study, the performance of a wood pellenpla compared with the same pellet plant
equipped with an additional torrefaction facilittfVood chips (45 wt%) are used as a
feedstock for both fuels. Most pellet plants arerently operating on wood residues like
sawdust and shavings. However, the availabilitgafdust in the future is expected not to be
sufficient for the global wood pellet demand. To keaa direct comparison of the two
technologies possible, wood chips have been ustbdstock in all cases.

54 ECN-E--11-039



Furthermore, a production capacity of 100,000 tonoed pellets per year is assumed, a typical
size for a pellet mill, with an availability of @0 hrs/yr (= 65%). The torrefaction unit is
considered as an add-on to this plant.

Figure 6.1 shows the process elements of a typidalpellet plant where the torrefaction unit
operations are incorporated in the pellet prockasc
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Figure 6.1 Typical value chain of a torrefied wood pellet glan

As a feedstock, softwood chips are assumed, delivier the plant in a shape and size suitable
to feed into the dryer and torrefaction unit. Teedstock is debarked and chipped before further
processing. The moisture content of the chips emgehe dryer is 45 wt. For the wood
case, the wood chips have to be dried to a moistongent of 10 wt%. before the grinding
step before entering the pellet mill. For the tarcéon case, the chips are dried to 20 wi%
moisture content before the torrefaction reactdre Teat needed for drying is supplied by
combusting wet wood chips for wood pellets andtéorefaction by wood chips and torgas (this
is the combustible gas produced during torrefagtiaithough application of secondary
auxiliary fuels (natural gas, diesel) also wouldpssible. The assumption is that 16 wj%f

the material is converted into torgas. For the potidn of TW pellets, the amount of chips
needed for drying is much lower than for the woedlgh case, as a large part of the required
heat (around 65%) is supplied by combustion of ghaduced torgas. The properties of the
products are summarized in Table 6.1.

Table 6.1 Product properties of wood pellets and TW pellets

Property Unit Wood pellets TW pellets
Bulk density kg/Miyet 650 750
Lower heating value Mdv/KQwet 17.3 19.3
Energy density My /m® 11.3 14.25
Moisture content W% 10 3

Two cases are defined for the torrefaction process:
1. the pellet mills are limiting in throughput {ionne dry product per yr) or
2. the evaporative capacity (in tonne moistureyeear) of the dryer is limiting.

The cost data for torrefaction are based on availstudy estimates for the ECN torrefaction
technology (accuracy + 40%). A depreciation anggmtctime of ten years is assumed.
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Table 6.2 Comparison of key characteristics of wood andpg@llet processes

Unit Wood pellets TW pellets TW pellets
Pellet mill limiting Dryer limiting
Wood chips input
For drying ktonng./a 27 9.0 9.5
For pellet production ktonpg/a 164 194 203
For pellet production 1,000%a 656 776 812
Total input ktonng./a 191 203 213
Dryer
Moisture content chips in witda 45 45 45
Moisture content chips out wWi% 10 20 20
Amount of water ktonne/a 64 61 64
evaporated
Availability hours/a 6,000 6,000 6,000
Product capacity
Mass flow ktonng/a 100 93 97
Energy flow (output) Gyv/a 1,730,000 1,800,000 1,900,000
Thermal Capacity MW Ly 80 83 87
Investment (study estimate) million Euro 12.0 171 17.2
Investment per Euro/MWi v 150,000 206,000 198,000

thermal capacity

6.3 Economic evaluation

6.3.1 Introduction

To compare the economics of wood pellet productmnTW pellet production, three cases have
been considered to evaluate the benefits of afemtien unit, retrofitted into an existing wood
pellet plant. The costs and carbon emissions arsidered from raw material purchasing (wood
chips) until delivery by river barge to the custonfassumed to be a power plant) DDU
(Delivered Duty Unpaid), Incoterms. The plantsdtircases are assumed identical.

6.3.2 Case description and assumptions

Key assumptions:

* An equal Euro/GJ market value for wood and TW pellehich is a conservative estimate.
In reality, for TW pellets a premium is expecteeda their superior quality.

* The ship capacity, taking into account the actugk blensities of the products, is limited by
volume not weight for both products.

¢ Logistic handling has the same price per tonne.

< Ship prices are based on time charter.

» The cost of capital, cost of working capital anxihat incorporated.

¢ The loss of income due to shut-down for retrofit maorporated.

* The study is performed from the point of view opellet mill owner who has to make a
decision whether or not to invest in a retrofittwét torrefaction unit.

The three cases studied are:

A. Intercontinental
B. Intra-Europe
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C. Regional
The three cases are further described below.

Ad A. Intercontinental

The intercontinental case assumes a plant (asibeddn Section 6.2) in Southern Africa, 250
km from the ocean port, where pellets are transpoftom the plant to the storage in the
loading port by rail, with a capacity of 1,200 tenper train. It assumes Handysize vessels
carrying 19,000 tonne of wood pellets, & WHITE MISTis used as reference. The distance
to the port of discharge is 7,245 nautical miles am additional “ballast” distance of 750
nautical miles is included. This is the distance $hip needs to travel to get to the load port,
which is charged to the charterer. At the port istldarge, half the cargo is directly trans-
shipped into river barges, and then delivered &distomer’s site. The distance from the port
of discharge to the customer’s site is 100 km. &herage storage time for the remaining 50%
of product is 60 days; it is eventually also delectby river barge to the customer.

Ad B. Intra-Europe

In this case, the pellet plant is assumed to batéacwithin one of the Baltic states, 100 km

from the loading port, where the pellets are transul to the port by truck. Pellets are then

shipped by coaster vessel containing 2,500 tonmpeltéts, transported over a distance of 1,800
nautical miles; no ballast distance (prior to vagjaigicluded. All cargo is assumed to be directly

trans-shipped into river barges at the port oftdisge (board-board trans-shipment) and again
transported by river barge over a distance of 180 k

Ad C. Regional

The third case describes a pellet plant in Germangplying the pellets to a Dutch customer.

The distance from pellet plant to river port isl&0, transported by trucks, where the pellets are
loaded into 1,000 tonne river barges with diredivdey to the customer, total distance by barge
is 500 km.

Table 6.3 gives an overview of key parameters asdraptions for each case.

Table 6.3 Key case parameters

Parameter A: Intercontinental B: Intra-Europe C: Regional

Distance to load port 250 km 100 km 50 km

Type of transport to deliver to load port Traind0 tonne) Truck Truck

Cargo size per shipment 19,000 tonne 2,500 tonne n/a

(wood pellets)

Cargo size per shipment 21,923 tonne 2,885 tonne n/a

(TW-pellets)

Distance to discharge port 7,245 nautical miles + 1,800 nautical miles n/a
750 nautical miles ballast

60 days storage @ discharge port 9,500 tonne n/a a n/

Cargo size river barge shipment 2,000 tonne 2,000t 1,000 tonne

Distance to customer by barge 100 km 100 km 500 km

All cost parameters are based on actual marketadatzon real cost prices provided by freight
forward companies, shipbrokers and actual priceshasuntered by GF Energy in the past.

6.3.3 Cost scenarios

Besides the three cases described in the previewagmph, three scenarios have been
considered to evaluate the effects of key cost comapts which may fluctuate outside of the
control of the producer. This provides for an ecuiw evaluation, in which significant
parameters have been varied to obtain an insighticost ranges.
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Three scenarios have been considered: worst, abséest case. It is important to note that
“worst” in this case means worst for TW pellets amed to wood pellets and best means, the
best outcome to be expected (i.e. most benefitswoed pellets).

Cost of wood chips has been assumed to be thefearak cases. The key values of these three
cost scenarios are depicted in Table 6.4. It shiweldhoted that the feedstock costs for all
location scenario’s are assumed to be the sameprdntice there can be regional price
differences, e.g. that wood chips can be more esipen Europe than in South-Africa.

Table 6.4 Key cost component values
Cost component Unit Worst Base case Best Case
Wood chips (@45 wt% MC) Euro/tore 20 15 10
Ship time charter
Oceanic US$/day 9,000 15,000 25,000
Regional (coaster) US$/day 2,000 2,500 3,200
Bunkers IFO 180 US$/tonfié’ 200 300 500
Bunkers MGO US$/tonRE® 400 600 1,000
Sales price EUR/tonrfé 140 150 160

1) Delivered to pellet plant

2) Used exchange rate: 1.25 US$ = 1 Euro

3) It is assumed that the price of bunker MGO isdvthe price of IFO 180

4) This depicts the sales price for wood pelldis, $ales price for TW pellets is determined by a$sg the same price per GJ
delivered, which translates into comparable pra par tonne prices for TW pellets

6.3.4 Results and discussion

The largest cost savings for TW pellets are in dbgs: higher energy density and water
resistance lead to lower logistic costs. Becausedtnsity is higher, one can actually fit more
product in the same cargo space. Although at cedansities, the actual mass becomes more
important than the volume, bulk densities of thedoicts considered are still causing the
volumetric advantage. As vessels are commonly etedton a per day basis, if one can fit more
product into the same ship, the transport cos3iers reduced. Handling cost in bulk logistics
are a key component of the overall supply chaine ©hthe disadvantages of wood pellets is
that they must be kept dry at all times. Therefoasling, storage and transportation must all be
covered (or in the case of loading, must be stopygezh it rains).

However, feedstock costs are higher than thoseaafdwpellets as the process requires more
feedstock per GJ of produced pellets than woockislThis additional feedstock is needed to
fuel a part of the torrefaction process. In thedpiction process, the higher feedstock costs are
partially offset by a lower power consumption ire thrinding step and possibly also in the
pelletizing step. Also the operating and maintepacasts of these steps may be lower in the
BO, pellets case. However, because of the still egstincertainties, these effects have not
been taken into account. Again, this is a consemapproach. In this sense, this study is
different than previous studies, where these adgmst have been taken into consideration.
Combining the above, the higher the logistic cadtgg the supply chain and the cheaper the
feedstock, the more favourable TW pellets beconteinSeffect, torrefaction is suitable and
more attractive for plants that are located faryafsam its customers and have relatively cheap
feedstock costs.

Still, the margin between TW pellets vs. wood gsller the pellet producer must be sufficient
to justify the additional investment in the tormtfan unit. In this study, an additional
investment for the torrefaction unit of 5.1 milli@UJR and 5.2 million EUR is assumed (for the
pellet mill limiting case and the dryer limitingsmrespectively).

The cost saving per cost element along the sugaindn the three cases A (Southern Africa),
B (Baltic States) and C (Regional) are shown iruFegs.2 (total) and Figure 6.3 (specified per
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cost element) respectively (base case only). Theds show the cost savings per GJ, in other
words: the cost savings per unit of energy deldeléis is a more relevant number than cost
savings per tonne (which is commonly used in trerass) as in the end the customer is buying
energy, not tonnes.
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Figure 6.2 Overall net cost savings per GJ of TW pellets axgod pellets
Case A (Southern Africa), B (Baltic States) andrR€gional)
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Figure 6.3 Detailed net cost savings along the value chain

The Project Internal Rate of Return (Project IRR} tbeen used as the relevant parameter
determining the viability of an investment henceremmic evaluation. The Project IRR is
defined as the rate of interest that equates thaliimvestment (excluding working capital) with
the present value of future free cash flows. Freghdlow in this case is EBITDA (Earnings
Before Interest Tax Depreciation and AmortizatioBash flows are taken over 10 years of
operation, with one year of construction time, aetotal lifetime of 11 years and no salvage
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value. As mentioned before, the sales price forgaNets and wood pellets is assumed to be the
same per unit of energy, which is a conservatitienase. See also Table 6.4.

This economic evaluation has been developed fatiagi wood pellet plant owners to decide
whether they should invest in a torrefaction uminhot. Many factors in such a decision play a
role, but a key element is the return on investmehat valuation is shown in this study. When
calculating the Project IRR’s of the three caseis, $tudy found that the Project IRR’s of the B
and the C case for TW pellets were actually lowantthat of wood pellets. In other words, the
cost savings were not large enough to sustain doi@nal investment required, under the
conservative assumptions in this study. In effeoty the A case (Southern Africa) indicated
substantial cost savings that could validate arntiadd! investment in a torrefaction unit. The
economic evaluation is, therefore, only shown lfer A case.

The Project IRR’s are shown in three scenariosstydrase and best case as defined in Table
6.4. The results are specific for this case. Ireotd assess the viability of other business cases,
specific calculations must be performed. For eaemario, three situations are compared. Each
case and each scenario is shown for the base masstment of the torrefaction unit itself and
for investments of 20% less and 20% more. Investroéthe wood pellet plant itself is not
changed, only the torrefaction unit investment. Pheject internal rate of returns are shown
below in Figure 6.4.
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£
g
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H-20% B Base case investment "+20%

Figure 6.4 Comparison of case A Project IRR’s

Some remarks regarding Figure 6.4 above:

« The label ‘WP’ in the above figure stands for waquadlets. This is a stand-alone wood pellet
factory, however without optimization of the ovéralocess towards torrefaction

« The label ‘BO2’ in the above figure is a greendidlW pellet plant, based on wood pellet
production optimization, not torrefied wood pelebduction.

* The label ‘Retrofit’ is an existing wood pellet facy, which has later invested in a
torrefaction unit and hence makes TW pellets imktgfavood pellets. The IRR indicated for
this specific category above, represents the returnthe additional investment of the
torrefaction unit only. It does not represent theerall return of the complete retrofitted
factory.

« All three elements described above are shown eetlebst scenarios: worst case, base case
and best case. These scenarios are described.eHnkescenarios are shown in the figure in
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three groups indicated by the yellow arrows. Lefivorst case, middle is base case and right
is best case.

* As the torrefaction unit is still under developmefitvestment cost may still vary
substantially) three additional scenario are showhre base case of 5.1 million EUR
investment for a torrefaction unit; worst case wirerestment is actually 20% higher; best
case when the investment is 20% lower. These sffae shown in the figure by means of
colour-coding. The red bars show the base caseblie bars show the 20% lower
investment cost returns and the green bars showetoens for a 20% more expensive
torrefaction unit.

The economic evaluation revealed that in the pgietduction itself, B@pellets require
approx. 3.6 wt%/GJ more feedstock than wood pellatseasing the feedstock cost with the
same percentage. Furthermore, the actual costllgt peoduction (sum of depreciation and
operational expenditures) is 6-7% higher per Gdlpeb These additional cost at the production
plant have to be compensated by cost benefitsdudbwnstream in the supply chain and in
end-use.

Table 6.5 shows the difference in cost price pefdgééhe A-case (Southern Africa supplying to
Europe) of TW pellets versus wood pellets. Positivenbers (shown in red) indicate higher
costs, negative numbers (shown in green) show raskictions of TW pellets compared to
wood pellets. This table illustrates the importanteéhaving low cost feedstock (to limit the
effect of needing more raw materials per GJ of pabdhan wood pellets) and to travel long
distances to take full advantages of lower logistists of TW pellets . The worst, best and base
case again refer to the cases described in Table 6.

Table 6.5 Cost differences of TW pellets vs. wood pelistE JRct/GJ)

In EUROCct/GJ Worst Case Base Case BestCase
dryerlim pellet lim dryerlim pellet lim dryerlim pdll etlim

Feed stock costs 7 7 5 5 4 4
Pelletproduction 20 17 20 17 20 17
Rail transport 9- 9- 9- 9- 9- 9-
Discharge 4- 4- 4- 4- 4- 4-
Storage 9- 9- 9- 9- 9- 9-
Shiploading 4- 4- 4- 4- 4- 4-
Ocean freight 29- 29- 44- 44- 71- 71-
Ship discharge 3- 3- 3- 3- 3- 3-
Storage in discharge port 8- 8- 8- 8- 8- 8-
Loading 1- 1- 1- 1- 1- 1-
Inland shipping 3- 3- 3- 3- 3- 3-
Total 42- 46- 59- 63- 88- 92-

6.4 CO,-balance

6.4.1 Introduction

To determine the overall G@missions and to identify if there is a signifitalifference in
CO,-balance between the production of wood pelletsueMW pellets, the G&emissions
from both production chains have been estimated.'TR, Tool’, as developed for NL Agency
[17], has been used as a starting point for thiesmment. The ‘COTool’ assumes for the
production of wood pellets sawdust as feedstocks $awdust is considered as a waste material
from wood processing, and thus &€missions before pellet production are allocatedhe
wood product, not to the sawdust and the fuel {sepleoduced there from. The associated-CO
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emissions are thus zero. Furthermore, the assumigtithe ‘CQ tool’ is that no return trips of
transportation means are taken into consideratiorwontrast to this study. The found €O
emissions in the ‘COTool’ are therefore relatively low, and range frOr008 to 0.020 kg CH
eq per M{J for wood pellets. In contrast to the “@@ool”, within this TorTech study, the GO
emissions before pellet production (tree cultivatillarvesting and chipping) and partially
empty return trips are incorporated.

6.4.2 Assumptions

For calculation of the total G&emissions during the production chain, the follogvi
assumptions are made:

For CQ-emissions associated with the production of waigs| a rotation age of 30 years
has been assumed. The available data are basedgerstale forestry in the North West of
the United States, and includes the whole produatimain, including seedlings, fertilizer
and harvesting [18]. It is assumed that all emi&d-emissions are allocated to the pellets.
The value in the reference corresponds to 30 kgé€per tonne wet wood (assuming wood
with a 710 kg/m bulk density with 45wt%. moisture).

For the drying process of the feedstock, flue gasegated by the combustion of biomass
(wet wood chips and torgas) is used. No additidwsdil fuel use is assumed.

Power required for the fuel production is supplfiesh the public grid and assumed to be the
national electricity mix of the relevant countriedere pellet production is taking place
(South Africa, the average from Baltic States, Gary) and is ranging from 0.40 kg/k\Wh
to 0.87 kg/kWh [19].

Fuels used for transportation are assumed to e dréossil origin. For emissions associated
with transportation general data has been usedinating from life cycle analysis (LCA)
databases [20], and the same as used as a refareheeNL Agency ‘CQtool’.

For the wood log transport (assumed to be 50 kiglesitnip distance) empty return trips are
assumed. For sea transport 10% empty return tripgaiken into consideration. For other
transport means 50% empty returns trips are assumed

The used distance cases (intercontinental, intragguand regional) are the same as used in
the economic evaluation in the previous section.

The emissions associated with storage and trapsagiit are considered very low compared
to the overall emissions and neglected.

Power consumption data with respect to the petedyrction is supplied by GF Energy and
is based on 60 wt% softwood and 40 wt% hardwootla#t been assumed that the overall
power consumption of the torrefaction process @iad 10% lower than for wood pellets,
due to better grinding behaviour of the torrefieatenial.

Firing coal in coal-fired power plants in the Nelaads is chosen as a reference case. The
produced renewable fuels are substituting this. dda CQ-emission factor for electricity at
the consumer from coal is 0.76 kg &€kWh, (or 0.33 kg/MJ). It has been assumed that
energy losses from power station to end user arglZ%

Table 6.6 displays the applied specific g€nissions in this study.
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Table 6.6

Specific C@-emissions used in this study

Process step Value Unit Reference
Wood logs, at road side 2.2 tonne £€9/100 mwood [18]
Pellet production
Wood pellets 180 kWionneg,e; product Estimate
Torrefaction pellets 175 kWhonne,e; product Estimate
Transport
Road (32 tonne lorry) 0.164 kg &©qg./tonne km [20]
Freight train 0.013 kg C&eq./tonne km [20]
Barge (inland) 0.046 kg Geeg./tonne km [20]
Seagoing vessel (oceanic) 0.011 kgp@@./tonne km [20]
Power
South Africa 0.87 kg C&kWh, [19]
Baltic states 0.34 kg GAWh, [19]
Germany 0.40 kg CZkWh, [19]
Netherlands (coal) 0.79 kg GWh, [19]
Netherlands (energy mix) 0.39 kg €kwWh, [19]

6.4.3 Results and discussion

Table 6.7 displays the results of the calculatifonghe different cases.

Table 6.7 Results C@emission calculations in g Ge&qg/MJ electric power at consumer
Process step/Case Inter Inter Inter Inter Intra- Intra-
continental  continental  continental  continental  Europe Europe Regional  Regional

Product Wood TW pellets Wood TW pellets ~ Woodpellets T™W Wood T™W

pellets pellets pellets pellets pellets
Country South South South South Baltic States Baltic  Germany  Germany

Africa Africa Africa Africa States
Transport to harbour train train truck truck truck truck truck truck
Production wood logs 0.0084 0.0087 0.0084 0.0087 0.0084 0.0087 0.0084 0080.
Transport wood logs 0.0022 0.0023 0.0022 0.0023 0.0022 0.0023 0.0022 0028.
Transport wood logs, 0.0022 0.0023 0.0022 0.0023 0.0022 0.0023 0.0022 002G.
return trip
Pellet production 0.0228 0.0214 0.0228 0.0214 0.0089 0.0084 0.0105 0090.
Truck transport pellets to - 0.0059 0.0053 0.0023 0.0021 0.0012 0.0011
harbour
Truck transport pellets to - 0.0029 0.0026 0.0012 0.0011 0.0006 0.0005
harbour, return trip
Rail transport to harbour 0.0005 0.0004 - - - - - -
Rail transport to harbour, 0.0002 0.0002 - - - - - -
return trip
Sea transport (oceanic) 0.0203 0.0182 0.0203 0.0182 - -
Sea transport (oceanic), 0.0021 0.0019 0.0021 0.0019 - -
return trip
Sea transport (regional) - - - 0.0051 0.0045 - -
Sea transport (regional), - - - 0.0005 0.0005 - -
return trip
Barge transport (inland) 0.0007 0.0006 0.0007 0.0006 0.0007 0.0006 0.0033 0020.
Barge transport (inland), 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0003 0008.
return trip
Total 0.060 0.056 0.068 0.063 0.032 0.031 0.029 0.028
Savings [%] 82% 83% 80% 81% 90% 91% 91% 92%
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The overall C@savings compared to power originating for coadipower stations range from
around 80% for the large distance cases to 90%héshorter distances for both cases. This is
significantly lower compared to the wood pelletseased in the NL Agency ‘Gaool’, and is
caused by the difference in the selected feedstwokid chips instead of saw dust and their
associated emissions. The difference between wablétp and TW pellets are minor. The
results are depicted graphically in Figure 6.5 Bigaire 6.6.

W Power production with coal

B Barge transport (inland), return trip
M Barge transport (inland)

O Sea transport (regional), return trip

Sea transport (regional)

@ Sea transport (oceanic), return trip

M Sea transport (oceanic)

Rail transport to harbour, return trip
M Rail transport to harbour

Truck transport pellets to harbour, return trip

CO2 emission factor [kg CO2-eq/MJe at consumer]

M Truck transport pellets to harbour

Pellet production

Truck transport wood logs, return trip

M Truck transport wood logs

Production wood logs

Figure 6.5 Results C@emission calculations in kg G@qg/MJ electric power at consumer
(IC = intercontinental, IR-E = intra-Europe, RE tegional, wood = wood
pellets, BO2 = TW pellets, rail/truck = transpod harbour for intercontinental
cases)

For the long distance (intercontinental) case, fib#et production and sea transport are the
largest contributors to the overall gémissions. The CQcontribution of the pellet production

is also relatively high compared to the other casssthe power production sector in South
Africa heavily depends on coal with a high sped@i©,-emission. For the shorter distances (the
Baltic states, Germany), the overall chain emissiae comparable, caused by lower emissions
during pellet production by local lower specific isgion during power production, and lower
emissions during transport, finding its origin ower transport distances. Further reductions in
CO, emissions are be achieved when green (or nugbeaver is used for pellet production or
biomass waste as a feedstock.

Figure 6.6 depicts the savings for each case cadptire fossil reference, firing coal in a

pulverized coal power plant. It indicates thatthl cases have a significant reduction in,CO
emission, ranging from 80-90% compared to the fosirence coal.
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Figure 6.6 CO;savings compared to fossil reference coal
(IC = intercontinental, IR-E = intra-Europe, RE regional, wood = wood
pellets, BO2 = TW pellets, rail/truck = transpod harbour for intercontinental
cases)
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7.  Contribution to the goals of the EOS-LT programme

The TorTech project has been directly focused om twain goals of the Dutch Long-Term
Energy Research Strategy programme (EOS-LT) - relseapic “Electricity and Heat from
Biomass”, i.e. to raise the percentage of eletyrigioduction from biomass and waste to 40%
and to raise the co-firing percentage to 40%. Tlaeskitious targets demand the use of a wide
range of biomass residual streams, biomass/wasteines and energy crops. However, at the
moment many of these streams cannot be co-firedies, whilst other can only be co-fired in
small quantities. By means of torrefaction, devebtbfurther in this project, a wide variety of
biomasses and waste/mixtures are potentially opepddr co-firing in coal fired power plants.
On top of that, for many streams higher percentafe®-firing are possible after torrefaction,
due to a better grindability and a higher energysidg of the torrefied products. This applies for
the present pulverised-coal combustion technologieswell as for advanced clean coal
technologies under development, like Ultra Supeticat (USC) boilers, oxy-fuel combustion
and entrained-flow gasification. Moreover, the ocersion of biomass into commodity solid
biofuel through torrefaction and densification go®s large advantages in logistics and trading.

Therefore, torrefaction has the potential to becarkey technology for the upgrading of a wide
variety of biomass streams and waste/mixtures tonecodity, high energy-density solid biofuels
for multiple use.

7.1 Contribution to a more sustainable energy production

The objective of the EOS-LT research programmeoiselise a more sustainable energy
production. Biomass co-firing will play an importamole in this objective. The state of art with
respect to co-firing at the moment is that co-firbtiomass or waste streams in coal fired boilers
is only possible for a selected number of streavi& the application of torrefaction a much
wider range of biomasses can be co-fired. The tesfiithe TorTech project show that a large
variety of biomasses can be torrefied, that théiramy properties of these biomasses improve
significantly and that it is possible to make pllédrom torrefied biomass. Due to these
improvements, demonstrated in TorTech, the po#s#silto use these biomasses for co-firing
are improved. Therefore torrefaction is an impdrtechnology for the large scale use of
biomass co-firing in the future.

It is expected that the total contribution of biaman the Netherlands in 2040 will be 600 —
1000 PJ/yr. From this, roughly 50% will be importel@an biomass (300 — 500 PJ/yr), for
which torrefaction is relevant in the country ofgim. This in view of the lower transportation-
and storage costs. Roughly 25% of the supply velcbvered by lower quality biomasses and
waste streams (150 — 250 PJ/yr) for which torrédacgplays a key role as well. The remaining
25% will partly consist of wet biomass fractiongré so-called wet torrefaction (a combination
of torrefaction, washing and drying) may play aeroDn European scale and globally the
expected market for torrefaction is many timesdarghe TorTech project contributes to the
realization of torrefaction technology and with ttha the realization of the above mentioned
ambitious expectations.

7.2  Contribution to the reinforcement of the Dutch knowledge position

At the start of the project both ECN and TU/e alyedad (also internationally) a prominent
knowledge position in the field of torrefaction. Aextensive lab/bench scale research
infrastructure was already built in previous yeaffianks to the TorTech project, this
knowledge position and research infra structuteGltl and TU/e has been further extended.
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The strengthening of the knowledge position corserp.:

* An even better understanding of the underlying rarigms of torrefaction.

* Knowledge with respect to the torrefaction behawviofi a wide range of non-woody
biomasses and waste/mixed streams and of theorelagtween torrefaction conditions and
product quality.

» Optimised reactor- and process concepts for tartiefa validated on pilot scale.

< Insight in how to optimise the integration betwé€pre)drying and torrefaction.

¢ Insight in how to come to an optimal combinationtafrefaction and pelletisation and to
proper recipes for the pellet production.

The extension of the lab/bench scale researchsinfreture includes new techniques and
methods for the characterisation of the torrefachehaviour and the analysis and evaluation of
the gaseous and solid products. This concerns ashotigers the determination of the reaction
enthalpy, the characterisation of the lignocellakbbsomposition of the torrefaction products, the
analysis of organic components in the torrefactgas and the characterisation of the
hygroscopic behaviour of the materials.

And last but not least, the research infrastructdrECN has been extended with the 50 — 100
kg/hr PATRIG pilot plant, in which the torrefactiasf biomass and residual streams can be
tested on a representative scale. PATRIG is vety m&trumented, giving reliable data with
respect to the relation between torrefaction caoowlt (temperature, residence time), torrefied
product quality and torrefaction gas composition.

7.3 Spinoff inside and outside the sector

Spinoff of the project research findings is realis¢dong three lines:

* Via the industrial parties involved in the project
Different industrial parties in the TorTech projexte involved in separate (confidential)
development routes with regard to the applicatiéntasrefaction. The knowledge and
insights generated within the project are, or asingyto be, directly applied within these
developments by these industrial partners.

* Via commercial services to market parties
ECN is assisting market parties in the developnagict market introduction of torrefaction
for specific applications. On demand of interegtadies, ECN produces smaller and larger
guantities of torrefied biomass and torrefied bisgpellets for further testing in-house or by
the industrial parties with respect to their logstand end-use behaviour. With respect to the
logistics and end-use testing, ECN is equipped afittextensive set of smaller-scale testing
and analysis facilities.

e Within the further development and market impleat@r of ECN’s own torrefaction
technology
The results of the TorTech project are an impor@sget in the further development of
ECN’s own torrefaction technology. The PATRIG fégihas allowed pilot-scale validation
and optimisation of the reactor- and process cdscephe next step will be the
demonstration of the technology on an industria@lescFor the execution of this phase
negotiations with relevant industrial partners (eisdrs and technology suppliers) are in the
final stage. It is expected that in 2011 the eoectiwill start of an industrial size
demonstration unit designed according to ECN'ssfaation technology.
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8. Conclusions and outlook

This report describes the results of the work coteth by ECN and GF Energy in the
framework of the TorTech project. The TorTech peojeas been focussed on the development
of commodity solid biofuels from biomass by mearfigarrefaction. The project comprised
basic research, in which important aspects of factimn and pelletisation were investigated,
the design, construction and initial operation gfilat-plant incorporating ECN’s torrefaction
technology concept, small and semi-industrial scaddletisation and an economic and
environmental (in terms of G@missions) evaluation of the biomass-to-end-ugesvehain.

The basic research was done with a wide varietpi@fass and waste feedstocks including
bagasse, grass seed hay, road side grass, straeh, @oplar, willow, larch, pine, spruce,
RDF/SRF and Trockenstabilat. It yielded valuablgights into the torrefaction characteristics
of these feedstocks and the properties of thefiedrenaterial produced. From a technical point
of view, torrefaction appeared to have a similapact for all relatively dry lignocellulosic
biomass feedstock and it may be attractive forughgrading of certain mixed waste streams as
well.

The pilot-plant torrefaction test work confirmecethalidity and strength of the original reactor
and process design. During over 800 hours of ojperad range of feedstocks, including
poplar, pine, forestry residues and residues frdra palm oil industry, was torrefied
successfully. More than 30 tons of torrefied materivere produced during short, 8 hour tests
and several duration trials ranging from 40 up@0 tontinuous operating hours. For the range
of feedstocks tested, it was proven that ECN'sefaation concept allows for smooth operation,
good process control, and as a consequence goaligbirquality control, and high energy
efficiency.

With the materials produced in the different expents, it appeared to be possible to produce
high quality pellets without the need for a binddowever, the results of the pelletisation tests
show that often there is a trade-off between praadetisation behaviour and pellet quality in
terms of strength, grindability, energy density ahgidrophobicity. High torrefaction
temperatures in combination with long torrefacttones give very water resistant pellets, but
these pellets are difficult to make. Low temperatsinort time torrefaction reduces the water
resistance and the grindability, but the pellegasier to produce and stronger.

An economic evaluation of torrefaction as a retrofption for existing wood pellet plants
revealed that attractive business cases can béfie@éralready, when considered the supply
chain from biomass source to the gate of an end-usthout taking into account cost benefits
for the end-user. For woody biomass, this is paldity valid in case of long distance transport.
However, knowing that these latter cost benefits lwa considerable, torrefaction is expected to
be an attractive upgrading option for many bionfassistocks and biomass supply chains.

The location where the pellets are produced hasge limpact on the total G@missions over
the entire biomass-to-end-use value chain. Not th@ytransportation distance but also the, CO
emissions related to the local electricity mix aeéevant (coal/gas/nuclear/biomass generated
power). The difference in overall G@mission reduction between wood and torrefied wood
pellets is slightly in favour of the latter techagy, with CQ emission reductions in the range
of 80-90% compared to firing coal in a coal-firealy@r plant.

The extensive torrefaction and pelletisation testkwup to pilot-plant scale now forms a solid
base for the scale-up and demonstration of the ®Chhology. ECN has teamed up with
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industrial partners to first demonstrate the tetbgyat a scale of several tonnes/h and then
pursue global commercial market introduction.
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10.  Acronyms and abbreviations

Acronyms or Unit Explanation

abbreviations

a.r. As received

ADF Acid detergent fibre

ADL Acid detergent ligni

AlISI American Iron and Steel Institt
BA Bagasse

BE Beech

BO,-technolog ECN forrefaction technolog

BR Batch reactc

CAPEX Capital expenditures

CEN/TS Comité Européen de Normalisation/Techrspalification
Crl Crystallinity indes

d.a.f Dry and ash fre

d.b. Dry basis

DsSC Differential scanning calorimetry
ECN Energy research Centre of the Netherle
EOX Extractable organic halogens
GC Gas chromatograph

GS Grass seed hay

HHV MJ/kgK High heating valu

IC lon chromatograg

ICP Inductively coupled plasma

IRR Internal rate of return

LA Larct

PATRIG Pilot scale torrefaction unit at ECN
LHV MJ/kgK Low heating value

MS Mass spectrometer

NDF Neutral detergent fib

OPEX Operational expenditur

Pl Pine

PO Poplar

PY Pyromaat react

RD / RDF Residue derived fu

RG Road side grass

RVS Roestvrijstaal --- Stainless steel
SF Spruct

SR/ SRI Solid recovered fu

ST Straw

T °C Temperature

t min Reaction time

TGA Thermo gravimetric analysis

tor Material already torrefie

TS [Trockenstabile

TU/e Technical University of Eindhoven
vol % Percentage in volume

wi Willow

wit % Percentage in weig

Ye Mass yield

Ym Energy yield
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Appendix A Appendices

A.1 TGA weight loss and reaction rate versus time curves

Each colour represents a different torrefactionperature: Red = Torrefaction at 240°C,

Purple = Torrefaction at 260°C, Pink = Torrefastat 270°C, Green = Torrefaction at 280°C,

Blue = Torrefaction at 300°C.
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A.2 Results batch experiments

Material Bagasse Grass seed hay Road side grass
BAO1-RA BAO1-BR17 BAO1-BR19 GS01-RA GS01-BR12 GS01-BR09 GS02-RA GS02-BR27  GS02-BR30 RGO1-RA RG01-BR26 RGO01-BR24
Termperature average [TC] 250 280 250 258 244 284 255 293
Residence time average [min] 32 30 29 31 31 27 27 29
Temperature section for analysis [C] 239 270 248 257 240 282 260 290
Residence time section for analysis [min] 29 30 31 33 31 27 27 29
Pressure drop [mbar] 395 187 143 106 14 24 38 4
C m% (db) 47.43% 47.72% 48.09% 42.43% 45.49% 46.11% 42.36% 44.23% 48.65% 38.39% 36.93% 46.25%
H m% (db) 5.71% 5.61% 5.88% 5.85% 5.11% 5.11% 5.73% 5.43% 4.86% 5.30% 4.49% 4.27%
N m% (db) 0.14% 0.18% 0.19% 1.71% 1.98% 1.98% 1.52% 1.23% 1.50% 2.03% 1.64% 2.11%
O m% (db) 44.91% 44.37% 41.83% 39.63% 34.89% 34.49% 39.62% 40.23% 31.60% 31.09% 28.76% 26.03%
Ash Calculated database m% (db) 1.81% 2.11% 4.01% 10.38% 12.54% 12.30% 10.77% 8.89% 13.38% 23.19% 28.18% 21.34%
H20 m% (ar) 1.17% 1.03% 0.39% 0.23% 1.78% 2.81% 3.48% 1.41% 2.36% 5.56% 1.69% 1.68%
Volatile m% (db) 83.30% 81.58% 75.23% 70.80% 63.70% 62.40% 68.70% 69.47% 55.50% 60.10% 54.74% 49.99%
HHV [db] MJ/kg 19.14 19.11 19.09 17.73 19.15 19.71 17.18 17.71 19.38 15.89 15.28 18.67
LHV [ar] MJ/kg 17.66 17.68 17.73 16.41 17.67 18.01 15.29 16.26 17.83 13.78 14.02 17.40
LHV [db] MJ/kg 17.90 17.89 17.81 16.45 18.04 18.60 15.93 16.52 18.32 14.74 14.30 17.73
LHV [daf] MJ/kg 18.23 18.27 18.55 18.36 20.62 21.21 17.85 18.13 21.15 19.19 19.92 22.54
Energy densification 1.00 1.02 1.12 1.16 1.02 1.18 1.04 1.17
Ym m% (ar) 0.87 0.75 0.81 0.82 0.90 0.70 0.82 0.64
Ym m% (daf) 0.87 0.74 0.78 0.78 0.95 0.69 0.81 0.69
Ye LHV (daf) 0.87 0.75 0.87 0.90 0.96 0.82 0.84 0.81
Material Straw Beech Willow
STO1-RA STO01-BRO6  ST01-BR0O8  STO1-BR14 ST02-RA ST02-BR34 |BE-BA-OLD BE-OLD034 |BE-PAUL Paul BO6-1h |WI-BA-OLD  WI-OLD29 WI-OLD31 WI-PAUL Paul-B06-05
Termperature average [TC] 258 259 260 270 268 264 230 271 263
Residence time average [min] 29 29 29 26 24 34 30 31 33
Temperature section for analysis [C] 258 260 258 272 268 264 230 271 263
Residence time section for analysis [min] 32 31 31 26 24 34 30 31 33
Pressure drop [mbar] 11 109 751 758 na na na na na
C m% (db) 41.33% na 44.69% 42.97% 43.32% 43.77% 45.46% 49.54% 46.25% 50.06% 47.28% 48.64% 51.34% 48.11% 47.58%
H m% (db) 5.66% na 5.48% 5.07% 5.66% 4.94% 5.90% 5.81% 6.54% 6.25% 5.79% 5.89% 5.56% 6.26% 6.50%
N m% (db) 0.50% na 0.54% 0.55% 0.24% 0.72% 0.45% 0.61% 0.29% 0.18% 0.42% 0.64% 0.65% 0.30% 0.40%
O m% (db) 40.77% na 36.64% 37.87% 43.13% 32.45% 47.71% 43.35% 46.92% 42.33% 43.71% 42.93% 40.42% 44.83% 43.46%
Ash Calculated database m% (db) 11.73% na 12.65% 13.54% 7.67% 18.11% 0.49% 0.68% 0.00% 1.19% 2.80% 1.90% 2.02% 0.51% 2.06%
H20 m% (ar) 2.01% na 2.71% 2.54% 1.32% 0.72% 8.80% 1.77% 0.00% 2.20% 9.60% 2.89% 1.21% 0.00% 1.30%
Volatile m% (db) 69.80% na 64.10% 63.80% 77.52% 57.90% 44.36% 78.93% 83.00% 78.00% 79.70% 80.76% 77.00% 82.00% 77.00%
HHV [db] MJ/kg 16.99 na 18.20 17.85 16.74 17.85 19.40 20.32 18.66 19.37 18.46 18.89 20.09 18.44 19.75
LHV [ar] MJ/kg 15.38 na 16.47 16.26 15.27 16.64 16.30 18.67 17.23 17.55 15.31 17.03 18.62 17.07 18.06
LHV [db] MJ/kg 15.75 na 17.00 16.75 15.51 16.78 18.11 19.05 17.23 18.00 17.20 17.61 18.87 17.07 18.33
LHV [daf] MJ/kg 17.84 na 19.46 19.37 16.80 20.49 18.20 19.18 17.23 18.22 17.70 17.95 19.26 17.16 18.72
Energy densification na 1.09 1.09 1.22 1.05 1.06 1.01 1.09 1.09
'Ym mY% (ar) 0.87 0.83 0.84 0.74 0.77 0.81 0.83 0.73 0.84
'Ym m% (daf) 0.84 0.82 0.82 0.72 0.83 0.78 0.90 0.81 0.82
Ye LHV (daf) na 0.89 0.89 0.88 0.87 0.82 0.91 0.88 0.89
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Material Larch Pine Spruce
LA-BA-OLD  LA-OLD33 PI01-RA PI01-BR11 PI01-BR13 PIO3-RA PI03-BR35 SP01-RA SP01-BR20 SP02-RA SP02-BR29  SP02-BR28
Termperature average [C] 249 268 277 289 289 267 286
Residence time average [min] 30 30 30 27 29 30 29
Temperature section for analysis [C] 249 267 276 290 288 271 289
Residence time section for analysis [min] 30 30 31 27 30 30 29
Pressure drop [mbar] na 195 216 17 13 138 158
C m% (db) 47.41% 49.19% 47.86% 50.59% 50.91% 49.82% 54.36% 51.68% 53.51% 49.19% 50.64% 52.28%
H m% (db) 6.08% 5.65% 6.16% 6.04% 6.08% 6.61% 5.90% 6.38% 5.97% 6.44% 6.19% 5.73%
N m% (db) 0.57% 0.59% 0.13% 0.03% 0.03% 0.04% 0.02% 0.00% 0.00% 0.02% 0.00% 0.00%
[e] m% (db) 45.90% 44.50% 44.87% 42.69% 42.50% 43.29% 39.39% 41.69% 40.31% 44.04% 42.83% 41.21%
Ash Calculated database m% (db) 0.04% 0.07% 0.98% 0.64% 0.49% 0.24% 0.33% 0.25% 0.21% 0.31% 0.34% 0.79%
H20 m% (ar) 8.77% 0.90% 0.52% 1.66% 1.21% 1.32% 1.76% 0.48% 0.00% 2.18% 0.87% 0.39%
Volatile m% (db) 84.12% 80.94% 82.70% 79.80% 78.70% 83.80% 75.10% 86.10% 78.79% 83.30% 81.00% 79.69%
HHV [db] MJ/kg 19.52 20.52 19.34 20.58 20.86 20.27 21.90 21.99 22.03 20.04 20.00 20.63
LHV [ar] MJ/kg 16.39 19.09 17.89 18.90 19.26 18.55 20.21 20.49 20.73 18.17 18.47 19.29
LHV [db] MJ/kg 18.20 19.28 18.00 19.26 19.53 18.83 20.61 20.60 20.73 18.63 18.65 19.38
LHV [daf] MJ/kg 18.20 19.29 18.18 19.39 19.63 18.88 20.68 20.65 20.77 18.69 18.72 19.53
Energy densification 1.06 1.07 1.08 1.10 1.01 1.00 1.04
Ym m% (ar) 0.86 0.90 0.84 0.74 0.70 0.88 0.79
Ym m% (daf) 0.93 0.89 0.83 0.74 0.70 0.87 0.80
Ye LHV (daf) 0.99 0.95 0.90 0.81 0.70 0.87 0.84
Material RDF Trocken stabilat
RDO1-RA RDO01-BR21  RDO01-BR22 RDO02-RA RD02-BR36 TSO01-RA TS01-BR15

Termperature average [C] 244 266 269 249

Residence time average [min] 31 31 24 29

Temperature section for analysis [C] 252 275 269 250

Residence time section for analysis [min] 33 34 24 30

Pressure drop [mbar] 23 758 8 39

C m% (db) 54.56% 53.62% 53.62% 53.07% 58.46% 42.71% 41.92%

H m% (db) 7.64% 6.92% 7.10% 7.38% 7.81% 5.74% 5.55%

N m% (db) 0.23% 0.34% 0.30% 0.79% 0.77% 1.16% 0.95%

[e] m% (db) 23.48% 24.22% 20.25% 21.24% 17.66% 27.12% 25.39%

Ash Calculated database m% (db) 14.09% 14.89% 18.74% 17.52% 15.30% 23.27% 26.19%

H20 m% (ar) 13.39% 0.03% 0.00% 0.00% 0.26% 0.75% 0.00%

Volatile m% (db) 81.56% 76.21% 73.13% 78.08% 75.90% 64.60% 60.50%

HHV [db] MJ/kg 2431 22.74 23.94 24.74 28.95 17.49 19.35

LHV [ar] MJ/kg 19.28 21.22 22.39 23.12 27.17 16.10 18.14

LHV [db] MJ/kg 22.64 21.23 22.39 23.12 27.25 16.24 18.14

LHV [daf] MJ/kg 26.36 24.94 27.55 28.04 32.17 21.16 24.57

Energy densification 0.95 1.05 1.15 1.16

Ym m% (ar) 0.94 0.88 0.91 0.91

Ym m% (daf) 0.94 0.83 0.93 0.88

Ye LHV (daf) 0.89 0.87 1.07 1.02
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A.3 Visual observations batch experiments
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A.4  Detergent fibre analysis

The concept behind the detergent fibre analysithas plant cells can be divided into less
digestible cell walls (contains hemicellulose, alelse and lignin) and mostly digestible cell
contents (contains starch and sugars). Van Sopatated these two components successfully
by using two detergents: a neutral detergent (Nadaulphate, EDTA, pH =7.0) and an acid
detergent (cetyl trimethyl ammonium bromide in HMSOy).

Neutral Detergent Fibre (NDF)

Neutral detergent fibre (NDF) is the residue, otted for ash, after refluxing the sample for 1
hour in a neutral detergent solution (Na-laurylpbalte, EDTA, pH =7.0). The anionic
detergent solution contains sodium dodecyl sulphdtieh forms soluble complexes with the
proteins; EDTA as a chelating agent to preventriatence from divalent ions; Triethylene
glycol (Trigol) to aid in the solution of starchasd borate and phosphate to buffer the system at
neutral pH to prevent hydrolysis of hemicellulodeutral detergent fibre is considered to be the
entire fibre fraction of the feed, but it is knowmunderestimate cell wall concentration because
most of the pectic substances in the wall are d@el. As a result, NDF is a poor estimate of
cell wall concentration for the pectin-rich legumeteat-damaged proteins in processed feeds
are also retained in NDF, which will overestimated content. These shortcomings of NDF as
a method to determine cell wall concentration mayalproblem if one is interested in the plant
cell wall as a biological structure.

Acid Detergent Fibre (ADF)

Acid detergent fibre (ADF) is the residue, correchar ash, after refluxing the sample for 1 h in
an acid detergent solution consisting of cetyl étinyl ammonium bromide in sulphuric acid.
Acid detergent fibre includes the cellulose andiiligirom cell walls and variable amounts of
xylans and other components.

Acid Detergent Lignin (ADL)

Acid Detergent Lignin (ADL) is determined gravimetlly by first obtaining the acid detergent
residue, then treating it with 72 % sulphuric atidsolubilise cellulose and isolate crude lignin
plus ash. There is some evidence to indicateithetderestimates lignin due to solubilisation
of some lignin at the ADF step in the procedure.

Forage cellulose and hemicellulose concentratioescammonly estimated as ADF minus
sulphuric acid detergent lignin (ADL) and as NDFnoms ADF, respectively. Cellulose
concentrations are overestimated by ADF minus ABlthee extent that xylans are present in
ADF and underestimated by heat-damaged protein aoonation of ADL. Similarly,
hemicellulose estimates based on NDF minus ADFoaegestimated by non-extracted protein
in NDF, and residual xylans in ADF cause underestis of hemicellulose.
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A.5 Pyromaat data

Material Straw Grass seed hay Road Grass Bagasse Pine Spruce
STO1-RA ST01-PY13 GS02-RA GS02-PYO03 RGO1-RA RGO01-PY02 BA02-RA BAO2-PY12 PI103-RA P103-PY06 SP02-RA SP02-PYO1
Termperature average [C] 260 260 268 270 297 289
Residence time average [min] 30 30 30 30 30 30
C m% (db) 41.33% 45.16% 42.36% 49.19% 38.39% 31.88% 45.66% 43.68% 49.82% 56.71% 49.19% 53.70%
H m% (db) 5.66% 4.84% 5.73% 4.89% 5.30% 3.49% 5.66% 4.55% 6.61% 5.57% 6.44% 5.86%
N m% (db) 0.50% 0.55% 1.52% 1.82% 2.03% 1.80% 0.17% 0.22% 0.04% 0.00% 0.02% 0.03%
[¢] m% (db) 40.77% 34.36% 39.62% 28.04% 31.09% 18.39% 44.14% 33.18% 43.29% 37.28% 44.04% 39.97%
Ash Calculated database m% (db) 11.73% 15.10% 10.77% 16.07% 23.19% 44.43% 4.37% 18.37% 0.24% 0.44% 0.31% 0.43%
H20 m% (ar) 2.01% 1.14% 3.48% 1.73% 5.56% 0.73% 2.05% 3.36% 1.32% 1.05% 2.18% 1.67%
\Volatile m% (db) 69.80% 61.22% 68.70% 52.50% 60.10% 38.20% 80.00% 60.70% 83.80% 72.10% 83.30% 75.90%
HHV [db] MJ/kg 16.99 17.87 17.18 19.92 15.89 13.32 18.68 17.49 20.27 22.81 20.04 21.61
LHV [ar] MJ/kg 15.38 16.59 15.29 18.49 13.78 12.45 17.04 15.87 18.55 21.34 18.17 19.95
LHV [db] MJ/kg 15.75 16.81 15.93 18.86 14.74 12.56 17.45 16.50 18.83 21.59 18.63 20.33
LHV [daf] MJ/kg 17.84 19.80 17.85 22.47 19.19 22.60 18.24 20.22 18.88 21.69 18.69 20.42
Energy densification 1.11 1.26 1.18 1.11 1.15 1.09
Ym m% (ar) 0.77 0.68 0.68 0.64 0.80 0.82
Ym m% (daf) 0.74 0.58 0.53 0.54 0.80 0.82
Ye LHV (daf) 0.82 0.73 0.62 0.59 0.92 0.90
Material Poplar Trocken stabilat RDF
PO01-RA POO01-PY04 TS02-RA TS02-PY11 TS02-PY09  TS02-PY10 RDO02-RA RD02-PY07 RDO02-PY05 RDO02-PY08
Termperature average [TC] 280 240 258 278 237 258 279
Residence time average [min] 30 30 30 30 30 30 30
C m% (db) 47.24% 52.48% 39.86% 56.76% 57.83% 59.27% 53.07% 51.43% 56.82% 55.37%
H m% (db) 6.04% 5.62% 5.10% 7.59% 7.31% 7.58% 7.38% 6.81% 7.31% 6.96%
N m% (db) 0.00% 0.00% 1.46% 0.84% 0.81% 0.89% 0.79% 0.41% 0.95% 0.43%
[¢] m% (db) 45.67% 40.43% 30.46% 18.74% 17.04% 14.94% 21.24% 21.55% 18.39% 17.89%
Ash Calculated database m% (db) 1.05% 1.47% 23.11% 16.06% 17.00% 17.31% 17.52% 19.79% 16.53% 19.35%
H20 m% (ar) 0.00% 0.04% 0.75% 0.34% 0.48% 0.25% 0.00% 0.95% 0.71% 0.44%
Volatile m% (db) 83.99% 73.02% 64.60% 75.60% 74.10% 73.60% 78.08% 71.30% 74.60% 69.60%
HHV [db] MJ/kg 18.82 21.14 16.22 27.47 27.87 29.06 24.74 24.69 27.67 26.44
LRV [ar] MJ/kg 17.50 19.90 14.97 25.72 26.13 27.33 23.12 22.96 25.87 24.80
LHV [db] MJ/kg 17.50 19.91 15.10 25.81 26.27 27.41 23.12 23.21 26.07 24.92
LHV [daf] MJ/kg 17.68 20.20 19.64 30.75 31.65 33.15 28.04 28.93 31.23 30.90
Energy densification 1.14 1.57 1.61 1.69 1.03 1.11 1.10
Ym m% (ar) 0.69 0.97 0.87 0.80 0.94 0.87 0.82
Ym m% (daf) 0.68 1.06 0.95 0.86 0.89 0.87 0.78
Ye LHV (daf) 0.78 1.66 1.53 1.45 0.92 0.97 0.86
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