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a b s t r a c t

The co-firing of solid biofuels in coal plants is an attractive and fast-track means of cutting emissions but
its potential is linked to biomass densification. For torrefied materials this topic is under-represented in
literature. This pilot-scale (121e203 kg h�1) pelleting study generated detailed knowledge on the
densification of torrefied biomass compared to untreated biomass. Four feedstock with high supply
availability (beech, poplar, wheat straw and corn cob) were studied in their untreated and torrefied
forms. Systematic methods were used to produce 180 batches of 8 mm dia. pellets using press channel
length (PCL) and moisture content (MC) ranges of 30e60 mm and 7.3e16.6% (wet basis) respectively.
Analysis showed that moderate degrees of torrefaction (250e280 �C, 20e75 min) strongly affected
pelleting behaviour. The highest quality black pellets had a mechanical durability and bulk density range
of 87.5e98.7% and 662e697 kg m�3 respectively. Pelleting energy using torrefied feedstock varied
from �15 to þ53 kWh t�1 from untreated with increases in production fines. Optimal pelleting MC and
PCL were reduced significantly for torrefied feedstock and pellet quality was characterised by a decrease
in mechanical durability and an increase in bulk density. Energy densities of 11.9e13.2 GJ m�3 (as
received) were obtained.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The push to limit global temperature rise to one and a half de-
grees above pre-industrial levels signals the phase out of coal
within a generation [1]. The realisation of European Union energy
policy, for instance, will cut emissions by 40% by 2030 [2] and China
has committed to carbon neutrality by 2060 [3]. With such short
time spans, sustainable transitional fuel use in existing coal power
plants makes a good economic argument.

Sixteen years ago, bio-coal entered the renewable energy scene.
Bio-coal is a fossil coal substitute produced from renewable
biomass resources. A more precise name is pellets made from
r Ltd. This is an open access article
torrefied lignocellulosic biomass because torrefaction (from French
usage for coffee roasting) is the partial pyrolysis process at the heart
of the fuel [4]. Interest in bio-coal stems from the approach taken
for thermal conversion (e.g. the combustion of solid fuels to pro-
duce heat and electricity), two of which are: 1) Design the power
plant according to the fuel or 2) Design the fuel according to the
power plant. Bio-coal technology takes the second approach and
takes advantage of existing pulverised-fuel power plants, which are
plentiful [5,6]. This is the primary application of torrefied pellets; to
co-fire themwith coal in existing power plants. Large reductions in
net carbon dioxide emissions are enabled [7,8] because energy
sector emissions make up about one third of anthropologic emis-
sions [9].

The co-firing potential of a fuel is linked to its degree of simi-
larity to coal. Torrefaction induces three key physical changes in
lignocellulosic biomass: 1) an enhanced grindability, 2) an
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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improved effective heating value and 3) a reduced equilibrium
moisture content. The high specific energy requirements of milling
wood to powders is reduced by 80e90% after torrefaction [10] and
laboratory studies have shown that torrefaction improves wood
[11e16] and agricultural biomass [12,13,17] heating values by
7e21% and 7e15% respectively. The increase is partly a result of a
lower equilibrium moisture content [14]. These results are for tor-
refaction conditions at 240e300 �C for 10e80 min and are bene-
ficial for large-scale coal replacement [18].

Yet these benefits of torrefaction bring no improvement in the
bulk energy density of the feedstock (i.e. energy content per cubic
metre) which remains as low as for the untreated materials [19].
Energy density is important for the direct co-firing of a fuel, by
which it is blended with coal upstream of the coal feeders, pulv-
erised and then pneumatically conveyed to the burners [20]. The
poor grindability of untreated biomass [21,22] impedes the
throughput of coal pulverisers. For example, when milling wood
chips in an industrial vertical roller mill, the maximum capacity
mass throughput is 0.25 t h�1 while that of coal is 2.2 t h�1 [23].
This is a mass-flow difference of almost nine times. In terms of fuel
energy capacity, the mill throughput difference is more dramatic;
with the effective heating value differences betweenwood and coal
(16 MJ kg�1 versus 28 MJ kg�1 [24], for example) the energy flow
difference is 15 times. This exemplifies why direct co-firing of un-
treated wood is limited to about 5% energy basis [25].

Improving energy density is achieved by pelleting which also
provides easier handling, more compact storage and better flow
properties; important factors for economical logistics and transport
[26]. The pelleting of wood is a mature industrial process [27] and
herein lies the catch; for years, it has been assumed that the
technical knowledge and experience in this sector is sufficient for
torrefied feedstock. As will be shown, this assumption is far from
valid. Pelleting success and product quality is primarily measured
by mechanical durability (DU) of pellets, expressed as the fraction
of a pellet sample that survives a tumbling test intact (EN 15210).
The minimum DU is 97.5% for A1 quality (Table 2) and with un-
treated wood feedstock this is routinely achieved.

Other technical and efficiency-based considerations of co-firing
torrefied fuels in pulverised-coal boilers are not foreseen as prob-
lematic. Replacing 15% coal with torrefied wood under conditions
of constant mass-flow, requires about the same energy to mill [28].
After torrefaction, wood is still rich in volatile content [4] and only
slightly less reactive than untreated wood [29]. Ignition times
Table 1
A summary of previous results on pilot-scale pelleting of torrefied lignocellulosic bioma

Feedstock Torrefaction conditions Heating value increasea (%) Mec

Spruce wood 270/300 �C
16.5 min.

4.2e11.1 80e

Pine wood 235/245/250 �C
30e45 min.

4.1e9.7 80e

Logging residuese 240/250 �C
30e45 min.

6.8e7.4 87e

Beech wood 270 �C
40e45 min.

9.8 97

Pine woodf 291e315 �C
6e12 min.

4.4e13.6 46e

Eucalyptus globulus woodg 245/265 �C
22 min.

6.4e10.7 99

Logging residues 308 �C
9 min.

15 64e

Willow 308 �C
9 min.

4.1 83e

Symbols refer to (a) calculated as 100 x (HHVT - HHV)(HHV)�1 where HHVT and HHV a
production fines range 10e30%, (c) value for dry matter, not as received, (d) at 22 �C and R
two PCLs used, (g) 1% starch binder, (h) production fines range 3e22%, (i) production fin
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(volatiles and char) decrease with the degree of torrefaction [30]
but particle burnout times are still rapid compared to coals. This
means that the optimal particle size for combustion is marginally
lower than for untreated wood [31] but otherwise not an issue in
practice. Indeed, results from co-firing in a 0.5 MW boiler have
demonstrated that combustion efficiency remains constant or in-
creases slightly when co-firing from 30 to 70% (mass basis) torre-
fied (pine) pellets with coal [32]. This was accompanied by a
reduction in coal-mill performance with increasing fractions of
torrefied wood (i.e. the particle size distribution shifted to larger
diameters). Further modelling shows that from 50 to 100% coal
substitution (mass basis) is technically feasible without losses in
boiler efficiency yet with significant reductions in ash and NOx
emissions [33,34].

Pelleting of torrefied biomass is then a vital step in the main
application of bio-coal but, of the two thousand peer-reviewed
journal publications on torrefaction, only five have investigated
pelleting at scales representative of industrial pellet production (i.e.
pilot scale). Table 1 summarises the findings from these studies,
which show that low durability of torrefied pellets is verymuch the
norm, especially when torrefaction conditions are anything but
mild. The reported DU ranges from 46 to 92% for the majority of
feedstock, with two glaring exceptions: 97% for beech and 99% for
eucalyptus, after torrefaction at 270 �C/45 min and 265 �C/22 min
respectively. The heating value increase, a measure of torrefaction
degree, ranged from 4 to 15%; roughly half of the values reported at
laboratory scale where pelleting was not investigated. One can
conclude that the ability to pellet with high DU restricts the degree
of torrefaction.

In contrast, the reported bulk densities in Table 1 are high,
ranging from 557 to 725 kg m�3, well above ENplus quality for the
most part. These contribute to energy densities from 10 to
17 GJ m�3. Note, however, that several values are on a dry mass
basis (i.e. not as received).

What unites these studies is the necessary limitations they
shared on the breadth and depth of investigation; their experi-
mental matrix was small. The reason is the high cost of research at
this scale as it requires equipment investments, specially designed
facilities, technicians and large material volumes. Experimental
designs with several feedstock types and parameters lead to a large
experimental matrix, requiring more trials and analysis while
inflating the project budget. This sets a high price tag for pilot-scale
scientific study in academia. Luckily, commercialisation of
ss.

hanical durability (%) Bulk density (kg m�3) Energy density (GJ m�3) Reference

90b 648e713 12.3e14.7c [35]

92 557e634 9.8e12.2d [36]

89 643e681 12.0e12.7d [36]

702 13.4d [36]

87 558e725 12e17c [37]

671e715 13e15c [38]

90h 610e686 13.5e15.2c [39]

88i 601e683 12.2e13.9c [39]

re the higher heating values of torrefied and untreated feedstock respectively, (b)
H 85%, (e) with and without 3% wheat flour binder, (f) production fines range 4e86%,
es range 3e17%, (na) not available.



Table 2
Torrefied feedstock used in the study and their torrefaction conditions.

Feedstock Torrefaction temperature (�C) Residence time (min.) Dry mass yield (%) Energy yielda (%)

Beech stem wood including bark 250 75 77 81
Poplar stem wood including bark 250

280
75
30

81
64

87
80

Wheat straw 250 20 74 75
Corn cob 260 45 77 88

a Calculated as (Dry mass yield %) x (HHVT/HHV) in which HHVT and HHV are the higher heating values (MJ kg�1) of the torrefied and untreated feedstock, respectively.

D.A. Agar, M. Rudolfsson, S. Lavergne et al. Renewable Energy 178 (2021) 766e774
torrefaction technologies has also driven development in torrefied
pellet production.

Since 2005, commercial activity has churned out scores of
companies and torrefaction process technologies [40] aiming to
keep up with the projected market for the new green (black) gold.
One decade on, the International Energy Agency (IEA) concluded
the following in their 2015 report entitled Status overview of tor-
refaction technologies [41]: “The maturation and market introduc-
tion of torrefaction technologies has gone slower than anticipated 5
years ago, when it was expected that a significant fraction of the
biomass pellets supplied today could have been replaced by torrefied
pellets. It has been hard to fully prove the claims made earlier on
product characteristics, and several companies have gone bankrupt
due to inability to produce good quality product or due to a lack of
buyers.”

This may have come as a shock at the time but the conclusions of
the IEA report were acknowledging what was, in fact, widely
known in the industry for years; that pelleting of torrefied mate-
rials was not trivial. This is why representative pelleting research is
so important. It is intimately linked to the political and social desire
to mitigate carbon dioxide emissions. Without pelleting, large fast-
track emission reductions in co-firing cannot be realised. This is
why the presented study has so much relevance.

Torrefied pellet production at representative scales is clearly
under-represented in literature. Up until now, scientific literature
have failed to report with the required breadth on even the most
common feedstock types (e.g. wood and straws) with the necessary
attention paid to the pelleting process. There is a clear need for in-
depth pilot studies on torrefied pellet production in order to better
describe quality differences compared to untreated feedstock.

This study investigates how torrefaction affects the pelleting of
feedstock. It does this by looking at the influence of moisture
content and press channel length on the pelleting responses of
energy input, extruded pellet temperature, production fines and
quality of pellets. Additionally, this study aims to illuminate the
energy-density implications of torrefied pellets in the heat and
power sector. It attempts to answer the broader question: What
needs to be understood in order to achieve a good quality product
when pelleting torrefied lignocellulosic biomass? The novelty is
three fold: 1) It focuses on the key obstacle to enabling emission
reduction through bio-coal use 2) It compares torrefied pellet
quality directly with untreated pellets through extensive produc-
tion amounts that have great relevance for industrial production 3)
It builds knowledge on how torrefaction affects pelleting with
respect to production energy, pellet quality (durability and bulk
density), production rate and the implications on fuel energy
density and use.
2. Materials and methods

Systematic pilot-scale pelleting of lignocellulosic biomass was
carried out using four highly available and representative feedstock
materials, which were pelleted in their untreated form and after
torrefaction. The feedstock were beech (Fagus ssp.) wood, poplar
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(Poplar ssp.) wood and corn cob (Zea ssp.), originated from Tou-
louse, France, and wheat straw (Triticum ssp.) from M€alardalen,
Sweden. All feedstock were prepared for pre-treatment by
shredded to 15 mm in size with an industrial shredder (Micromat
2000, Lindner Recyclingtech GmbH, Austria).

Torrefaction of feedstock was done at CEA (Commissariat �a
l’�energie atomique et aux �energies alternatives) and the chemical
analysis at FCBA (l'Institut Technologique Forêt Cellulose Bois-
construction Ameublement) in Grenoble, France. Pelleting and
quality characterisationwere performed at the Biomass Technology
Centre of SLU (Sveriges lantbruksuniversitet) in Umeå, Sweden.

2.1. Torrefaction of lignocellulosic feedstock

Torrefaction of feedstockwas carried out in the CENTORRE pilot-
scale torrefaction unit (Fig. 1a). CENTORRE is a vertical six-stage
multiple-hearth furnace (MHF) which runs under inert conditions
at atmospheric pressure [41]. The MHF is directly heated with in-
ternal natural gas burners. The combustion gases (CO2, CO) and
vaporised H2O maintain inert conditions in the furnace with N2
available for emergency injection (Figure S1). The installation is
fully instrumented for determining mass and energy balances. The
furnace has an operating temperature range of 200e350 �C and a
mass-flow capacity of 50e150 kg h�1. Feedstock were torrefied in
the range of 250e280 �C using residence times spanning
20e75 min (Table 2).

2.2. Pelleting

The pellet mill (Fig. 1b), the production process, the pilot-scale
setup, the selection process of the appropriate PCL and the evalu-
ation of pellet temperature and specific pelleting energy followed a
systematic procedure and has been described in earlier work [42].
All pellet feedstock were reduced in size using a hammer mill
(Vertica DFZK, Bühler Nordic, Sweden) with a 4 mm circular sieve
size. Two PCLs and up to four moisture levels were used for each
feedstock. The exception was torrefied straw and corn cob for
which only one PCL was used. Pellet sampling was done in tripli-
cate. In total, 180 batches of 8 mm diameter pellets were produced
(84 batches of torrefied pellets and 96 batches of untreated pellets)
and characterised for quality. The pellet production rate ranged
from 121 to 188 kg h�1. The reported production fines (expressed as
mass per cent of produced pellets) were the amount of fine non-
densified feedstock material exiting the pellet press. No fine tun-
ing of production was done. Steam and other quality enhancing
additives were not used, although permitted by ENplus standards
up to two per cent level [43].

2.3. Quality analysis

Produced pellets were tested to comply with ENplus interna-
tional pellet quality standards (Table 3).

Feedstock and pellet quality was analysed according to European
standard (EN)methods for solid biofuelswhich included bulk density



Fig. 1. The pilot-scale (a) CENTORRE torrefaction unit and (b) pellet mill and data acquisition system.

Table 3
ENplus pellet quality requirements [43].

Property Unit ENplus A1 ENplus A2 ENplus B

Diameter mm 6e8
Length mm 3.15 < L � 40
Moisture Content % a.r �10
Ash Content % a.r �0.7 �1.2 �2.0
Mechanical Durability % a.r �98.0 �97.5
Fines (<3.15 mm) % a.r �1.0
Net calorific value MJ kg�1 a.r �16.5
Bulk density kg m�3 �600
Additives % a.r �2.0
Nitrogen % d.b �0.3 �0.5 �1.0
Sulphur % d.b �0.04 �0.05
Chlorine % d.b �0.02 �0.03
Ash Deformation Temperature �C �1200 �1100

Symbols refer to a.r ¼ as received, d.b ¼ dry basis.
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(EN 15103), mechanical durability (EN 15210) and moisture content
(EN14774).Qualityanalysisofpelletswasdone thedayafterpelleting.
Presented values on quality are averages from three replicated mea-
surements. The energy density of pellets (as received) sar (MJ m�3)
was calculated (Equation (1)) as a function of heating value (as
received) LHVar (MJ kg�1) and bulk density (as received) rar (kgm�3).

sar ¼ LHVar � rar (1)
2.4. Chemical analysis

Chemical analysis of feedstock (Tables 4 and 5) was carried out
according to standardmethods for heating value determination (EN
14918), ultimate analysis (P CEN/TS 15104), inorganic constituents
(P CEN/TS15290), ash content (XP CEN/TS 14775), monosugar
Table 4
Proximate and ultimate analysis of untreated and torrefied feedstock.

Feedstock HHV (MJ kg�1) LHV (MJ kg�1) Ash (%)

Beech 18.2 16.9 0.8
Poplar 18.0 16.7 2.8
Straw 18.9 17.8 9.3
Cob 18.5 18.0 1.9
Beech 250 19.0 17.8 0.9
Poplar 250 19.3 18.2 NA
Poplar 280 22.6 21.5 NA
Straw 250 19.1 18.1 NA
Cob 260 21.2 20.1 NA
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composition (TAPPI T249 cm-85/ASTM E1758 e 2007) and lignin
(TAPPI standard T222 om-83). The extractive content of the feed-
stock was determined using an accelerated solvent extractor both
with water and acetone. The reported total extractives are the sum
of extractives foundwith these twomethods. The details of analysis
procedures have been described earlier [44].
3. Results and discussion

The durability (DU) and bulk density (BD) of produced pellets as
a function of feedstock moisture content are presented for the four
investigated feedstock (Fig. 2). To assist discussion on torrefied
pelleting results, there are general observations to be made
regarding the pelleting of untreated lignocellulosic biomass. The
first is the existence of an inverse relationship between pellet
durability, whose data series have positive slopes, and pellet bulk
C (%) H (%) N (%) O (%) S (%) Cl (%)

49.1 6.0 0.2 43.0 <0.1 <0.02
49.0 5.9 0.2 43.5 <0.1 0.1
44.6 5.6 0.5 39.9 0.1 0.5
47.4 6.1 0.4 44.1 <0.1 0.1
51.4 5.8 0.2 40.9 <0.2 <0.02
51.2 5.8 0.2 41.7 <0.1 NA
55.3 5.6 0.2 37.8 <0.1 NA
55.8 3.1 0.6 40.4 0.1 NA
50.3 5.9 0.3 42.3 <0.1 NA



Table 5
Macromolecular composition of untreated and torrefied feedstock.

Feedstock Cellulose
(%)

Lignin
(%)

Hemicellulose
(%)

Extractives,
water (%)

Extractives,
acetone (%)

Total
extractives (%)

Glucan
(%)

Xylan
(%)

Mannan
(%)

Galactan
(%)

Arabinan
(%)

Klason
lignin (%)

Soluble
lignin (%)

Beech 44.4 26.5 27.3 1.4 0.5 1.9 45.8 20.9 2.2 1.4 1.5 22.8 3.6
Poplar 45.6 26.9 23.2 1.7 2.7 4.4 47.4 15.6 2.9 1.4 1.5 24.5 2.4
Straw 42.3 22.4 27.4 1.1 6.7 7.8 42.6 22.6 0.2 1.1 3.2 21.1 1.3
Cob 40.5 15.9 36.7 0.5 6.4 6.9 40.5 30.4 0 1.9 4.4 12.6 3.3
Beech

250
35.1 31.9 19.4 3.7 2.6 6.3 37.0 13.4 3.1 0.6 0.4 29.9 2.0

Poplar
250

44.1 38.4 10.4 2.7 4.4 7.1 44.1 6.9 0.0 0.1 0.1 37.4 1.1

Poplar
280

34.1 56.7 4.91 1.7 3.4 5.1 34.7 2.0 0.6 0 0 56.0 0.8

Straw
250

26.2 46.1 10.8 6.6 3.6 10.2 29.2 10.8 0 0 0 45.2 0.9

Cob 260 39.7 33.5 18.1 6.5 4.0 10.5 39.7 13.1 0 0.3 1.4 31.8 1.7

Table 6
Pelleting data, pellet quality indicators and their relative variation of untreated and torrefied pellets, based on those pellets with the highest observed mechanical durability
(EN 15210).

Feedstock Pelleting data Pellet quality indicators

MC (%) PCL (mm) E (kWh t�1) Tp (�C) fines (%) DU (%) BD (kg m�3) MCar (%) LHVar (MJ kg�1) sar (GJ m�3) ENplus A1* deficiencies

Beech 250 7.9 (�5.2) 30 (�7.5) 85.5 (þ18) 140 (þ30) 1.3 (�0.5) 98.7 (þ1.9) 669 (þ63) 3.4 (�4.2) 18.2 (þ3.1) 12.2 (þ3.0) ash
Poplar 250 11.7 (�2.9) 45 (�5.0) 56.0 (�15) 112 (�6) 1.4 (þ0.9) 95.6 (�3.1) 682 (þ43) 7.5 (�2.3) 16.3 (þ2.0) 11.1 (þ2.0) DU, (ash)
Poplar 280 9.6 (�5.0) 38 (�12) 77.6 (þ6.2) 120 (þ2) 20 (þ19) 87.5 (�11) 697 (þ58) 4.9 (�4.9) 20.2 (þ5.9) 14.1 (þ4.9) DU, (ash)
Straw 250 11.7 (�3.0) 30 (�25) 99.6 (þ53) 131 (þ31) 1.5 (þ0.4) 94.5 (þ1.0) 671 (þ120) 5.2 (�6.1) 17.7 (þ2.7) 11.9 (þ3.6) DU, (ash, Cl)
Cob 260 8.4 (�1.1) 30 (�25) 82.1 (þ19) 135 (þ12) 2.0 (þ1) 94.2 (�2.7) 662 (�56) 4.3 (�1.8) 19.0 (þ3.3) 12.6 (þ1.3) DU, (ash)

Variation between untreated and torrefied pellets are shown in parenthesis. Symbols refer to PCL¼ press channel length, E¼ relative pelleting energy, Tp¼ pellet temperature,
fines ¼ production fines, MC ¼ moisture content of feedstock, DU ¼ mechanical durability, BD ¼ bulk density, MCar ¼ moisture content of pellet (as received), LHVar ¼ lower
heating value (as received), sar ¼ energy density (as received), ash ¼ ash content, Cl ¼ chlorine content. Deficiencies in parentheses indicate assumed deficiency, based on
untreated feedstock analysis. * A1 pellet quality (REF).

D.A. Agar, M. Rudolfsson, S. Lavergne et al. Renewable Energy 178 (2021) 766e774
density, whose data series have negative slopes (Fig. 2). Pellet
durability benefits from feedstock with higher moisture content
(MC) because water acts as a binder between particles [45]. That
durability is a function of feedstock moisture content originates
from the role of water in facilitating hydrogen bonding. Chemical
binding takes place on free OH groups [14] being most numerous in
hemicellulose and cellulose (non-crystalline) components [46].
Water also lubricates the press channel, relieving the frictional
forces that compact the feedstock so that a high moisture content
hinders densification and bulk density.

Secondly, as the optimal moisture content is a compromise
between the durability and density of pellets there exists a range of
MC, in which pellet formation (production) is possible. For the
untreated feedstock, this range was 8.7e14.6% for the hardwoods,
12.2e16.6% for straw and 7.4 and 13.1% for cob. The fact that pellets
must be first be formed in order to evaluate their durability, defines
the lower limits of these ranges. The upper limits are set by the final
(equilibrium) MC of pellets which is defined by pellet quality
standards; 10% for ENplus A1 (Table 3). Cereal straws and grasses
(e.g. wheat straw, barley straw, corn stover and switchgrass)
generally require a higher MC in pelleting than that of wood [47].
This trait and a high sensitivity to MC variation (i.e. the data series
have a large slope compared to other feedstock) were seen in the
results for untreated straw. This is likely due to poorer sorption of
water due to both a high extractive (7.8%, Table 5) and high ash
(9.3%, Table 4) content. This amplifies the influence of water on
particle binding and has also been observed with forest residues
which have similar amounts of these constituents [42].

Thirdly, the formation of pellets within the aboveMC rangeswas
possible using PCLs with two different lengths. In general, both
higher durability and bulk density were obtained with longer PCL,
this being due to greater resistance to extrusion through the longer
770
channels. For hardwoods, high pellet quality (DU and BD) is
strongly correlated with pellet temperature (Tp) [42]. As pellet
formation becomes more successful, fewer production fines are
observed, accompanied with physical indicators of good pellet
quality. This includes low mechanical vibrations, low noise opera-
tion and stabilised power consumption of the press.

With the aforementioned observations in mind, the focus now
shifts to the pelleting of torrefied feedstock. The specific pelleting
data of torrefied pellets, quality indicators and their relative vari-
ation from untreated pellets are presented in Table 6 for those
pellet batches which had the highest durability (Fig. 2).

3.1. Pelleting of torrefied feedstock

The durability of torrefied pelletswas generally lower than that of
their untreated counterparts, with beech being the exception. When
considering only peak durability, straw was also exceptional. Bulk
density improved markedly with specific increases from 43 to
120 kg m�3 with only corn cob showing a slight decrease. The peak
durability values of torrefied pellets presented in Table 6 occurred at
3.4% lower feedstock MC on average compared to untreated feed-
stock. The hemicellulose content of feedstock decreased by 29e79%
through torrefaction (Table 5). Destruction of the OH groups from
hemicellulose degradation lowers the number of free binding sites
and the equilibrium moisture content of feedstock [48]. The shift in
peak pellet durability to lower MC can be attributed to this. For the
hardwoods, there is a correspondingMCshift of thebulkdensitypeak
but for straw and cob, DU and BD do not peak in the same pellet
batches. The shift to low MC accompanied a shift to shorter PCLs
because frictional forces were enhanced with less water lubricating
the channels. The pelleting energy reflected this by increasing from6
to 53 kWh t�1 (9e114%) along with a 2e31 �C rise in extruded pellet



Fig. 2. Mechanical durability (EN 15210) and bulk density (EN 15103) of torrefied and untreated pellets of (a) Beech, (b) Poplar, (c) Wheat straw and (d) Corn cob at selected press
channel lengths and as a function of feedstock moisture content. Each data point is an average of three replicate pellet batches. PCL ¼ press channel length, expressed in millimetres.
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temperature e itself a measure of heat attributed to friction and MC.
Poplar 250 did not display this trend, instead showing a decrease in
both pelleting energy and temperature. The two hardwood feedstock
showed very different pelleting behaviour.

A high lignin content and its softening during heating is thought
to play an important role in wood pellet durability [49]. The lignin
content of the feedstock approximately doubled after torrefaction
(Table 5) but this is a consequence of the Klason lignin method [50].
Unlike in thewood pellet case, the higher lignin content of torrefied
material does not indicate it will exhibit good pellet binding nor
high durability.
3.2. Behaviour of beech and poplar

Beech 250 pellets demonstrated a maximum durability of 98.7%
and a bulk density of 669 kg m�3, an increase from untreated
pellets of 2% and 50 kg m�3 respectively. Torrefied poplar pellets
had a maximum durability of 95.6% (poplar 250) but it worsened
remarkably, from 3 to 21% from the untreated case e poplar 280
leading to the greatest decline. Indeed, poor durability was a
trademark of poplar and contributed to a high production fines
content (20%). Although the relatively high bulk density was
moderately improved, peaking at 697 kg m�3, it would appear that
the higher degree of torrefaction was not beneficial to this feed-
stock. In contrast, the beneficial pellet properties of torrefied beech,
under a comparable degree of torrefaction, have previously been
observed [36] including a better carbon yield than poplar [51].
Beech 250 were the only pellets fulfilling the durability re-
quirements of ENplus pellet standards (Table 3) yet the ash content
of all feedstock was a barrier to A1 quality.

Why is beech well-suited to torrefaction and pelleting when
poplar is not? The two species have strikingly similar elemental
composition (Table 4) yet important differences in their macro-
molecular structure (Table 5). Despite the fact that beech has a
greater hemicellulose fraction than poplar (27 versus 23%), more of
which is xylan (21 versus 16%), the most thermally reactive of the
hemicelluloses [52], it loses only 29% of its hemicellulose through
torrefaction compared to a 55 and 79% loss in poplar 250 and 280.
Torrefied poplar's poor durability can be explained primarily as an
extreme case of OH-group degradation but there may be secondary
factors. Compared to beech, poplar has a larger extractive content
(1.9 versus 4.4%), a known inhibitor of pellet binding [53], and also a
relatively high ash content (0.8 versus 2.8%) compared to temperate
wood species [54]. As an inorganic material, ash does not partici-
pate in binding. The sum of the above factors may contribute to the
observed quality differences between the hardwoods.
3.3. Behaviour of straw and corn cob

Straw showed the greatest improvements through torrefaction
as straw 250 pellets had significantly higher durability (94.5%) and
bulk density (711 kg m�3) than pellets of untreated straw. Cob 260
pellets benefited solely through an LHVar increase (þ3.1 MJ kg�1)
which bolstered its energy density (þ1.2 GJ m�3). Otherwise, pellet
quality decreased substantially from untreated cob whose proper-
ties were comparable to previous densification studies [55]. Corn
cobs, as a food crop residue, contain starches, water soluble car-
bohydrates and crude fats [56]. In addition to the lignocellulosic
modifications in cob from torrefaction, the benefit of these natural
thermally-sensitive [57] binders is likely neutralised. This may
explain the good pelleting behaviour of untreated cob and the
divergence of BD seen in comparing straw 250 and cob 260 pellets
e a difference of some 180 kg m�3 (Table 6).
772
3.4. Future perspective

The produced torrefied pellets had an energy density (a.r)
ranging from 11.9 to 14.1 GJ m�3, increases from 1.2 to 4.9 GJ m�3

(11e54%) from untreated pellets (Table 6). This represents a large
spatial concentration of fuel energy and agrees well with earlier
findings (Table 1), which reported a torrefied pellet energy density
(a.r) range of 10.7e14.4 GJ m�3 using woody feedstock; the highest
value for beech wood torrefied at 270 �C for 40e45 min [36]. The
results differ appreciably from earlier reports of 14.9e18.4 GJ m�3

(a.r) [58] which appear to be the source of the high expectations
referred to by the IEA. The peer-reviewed findings to date, suggest
that such energy densities combined with good pellet quality
(DU� 97.5%) are simply not obtainable. This statement is supported
by the fact that, as indicated by the IEA [41], dozens of companies
have not been able to demonstrate otherwise.

Is this epiphany a setback for the green energy revolution?
Certainly not. The observed energy densities (a.r) in this study are
much higher than for common renewable solid fuels such as stem
wood chips (40% MC) (6.7 GJ m�3) [59], seasoned (20% MC) birch
fuel wood (6.1 GJ m�3) [59] and commercial grilling charcoal
(3.6 GJ m�3) [60]. For comparison, consider the energy densities of
fossil-based milled peat (3.2 GJ m�3), lignite (12.8 GJ m�3) and
bituminous coal (17.8 GJ m�3) [24]. As coal is replaced with
renewable fuels in pulverised-fuel power plants, energy densities
will influence on-site supply. For example, replacing bituminous
coal with torrefied beech pellets would require an increase in
storage volume by a factor of 1.46 (i.e. 17.8 GJ m�3/12.2 GJ m�3) in
order to ensure the same period of operation between fuel de-
liveries. These differences will also affect fuel throughput of coal
mills. 100% coal substitution using the pellets and determined en-
ergy densities herein (e.g. replacing bituminous coal with beech
250), the energy density differences translate to a needed 50% extra
capacity of pulverisers in order to supply the same fuel energy
throughput to the boiler.

Returning to the question posed by the IEA report: What needs
to be understood in order to achieve a good quality product when
pelleting torrefied lignocellulosic biomass? The results have shown
that moderate degrees of torrefaction (250e280 �C, 20e75 min)
had a large (mostly negative) influence on pellet durability yet a
large (mostly positive) effect on bulk density. Based on these
findings and in comparison with previous pilot-scale studies, this
degree of torrefaction verges on optimal if product standards (i.e.
DU and BD) are to be fulfilled (ENplus deficiencies are another
matter). The results cast new light on previous studies, inwhich the
pelleting process was not described [36,38]. Could better pellets
have been produced if greater attentionwas given to pelleting? The
inability of companies to produce good quality torrefied pellets,
those fulfilling earlier claims [58] is understandable based on the
results presented here. With a high torrefaction degree there is a
trade-off at the expense of pellet durability and increased pelleting
energy. But durability is also a function of feedstock. Fine-tuning of
the pelleting process could likely improve pellet quality results (e.g.
through use of additives [38] or process enhancements [61]). The
pelleting energy of torrefied feedstock is clearly more energy
intensive compared to untreated pellet production. This will have
operational implications, for example, accelerated die wear, higher
production (electricity) costs and be reflected in the emission
footprint of pellets.

4. Conclusions

Torrefaction and pelleting technologies are vital links in the
solid biofuel utilisation chain and enable a fast-track means of
mitigating CO2-equivalent emissions in society. This study
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generated specific knowledge on the densification of torrefied
feedstock and how pellet production differs from that using un-
treated lignocellulosic biomass. A moderate degree of torrefaction
strongly influenced the pelleting behaviour of beech, poplar, wheat
straw and corn cob compared to the pelleting of these feedstock in
their untreated form. The optimal moisture content for pelleting
and suitable press channel lengths were substantially reduced with
torrefied feedstock. Significant increases in the pelleting energy,
extruded pellet temperature and the amount of production fines
were observed in pelleting torrefied feedstock. Pellet quality
showed feedstock-specific variations but was generally charac-
terised by a decrease in mechanical durability and an increase in
bulk density. The lower heating values (as received) of the feed-
stock improved through torrefaction (increases from 2.0 to
5.9 MJ kg�1). These improvements, resulting from both torrefaction
itself and the lower product moisture content, combined with bulk
density improvements (increases from 43 to 120 kg m�3) enabled
improved energy densities for all feedstock. The energy density
range (11.9e14.1 GJ m�3 as received) was comparable to that of
lignite (12.8 GJ m�3). Only pellets made of torrefied beech fulfilled
the durability requirements and all torrefied pellets had an ash
content exceeding the ENplus A1 limit. The results from this sys-
tematic pilot-scale study will help clarify earlier claims regarding
properties of pellets made from torrefied lignocellulosic biomass.
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Nomenclature

BD bulk density (kg m�3)
C carbon content (%)
Cl chlorine content (%)
773
DU mechanical durability (%)
H hydrogen content (%)
HHV higher heating value, also known as gross calorific value

(MJ kg�1)
LHV lower heating value, also known as net calorific value

(MJ kg�1)
MC moisture content, wet basis (%)
MHF multiple-hearth furnace
N nitrogen content (%)
O oxygen content (%)
PCL press channel length
S sulphur content (%)
rar bulk density, as received (kg m�3)
sar energy density, as received (GJ m�3)
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