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a  b  s  t  r  a  c  t

Eucalyptus  globulus  Labill.  is managed  in  commercial  plantations  for  the pulp  and  paper  industry  as  a
coppice  system.  For  stand  reforestation  the  stumps  are  uprooted  and  at present  used  as biofuel.  In  this
study,  the  biomass  of stumps  collected  in  six  eucalypt  stands  in Portugal  was  evaluated  in  terms  of
physical,  chemical  and  fuel  properties.  Stumps  had  basic  density  between  0.55  g cm−3 and  0.71  g cm−3,
and  the  chemical  composition  showed  15.1%  total  extractives  (mainly  ethanol  soluble  extractives,  10.5%),
eywords:
iomass
hemical composition
tump
uel properties
ioenergy
ucalyptus globulus

24.8%  lignin  and  67.0%  holocellulose.  In terms  of  thermal  properties  the  stumps  presented  18.9  MJ  kg−1

for  higher  heating  value  (HHV)  and  0.6%, 81.1%  and  18.3%  respectively  for ash,  volatile  matter  and  fixed
carbon.  The  elemental  composition  (C =  51.0%;  H =  5.8%;  O = 45.3%;  Cl  =  0.04%)  has  adequate  values  for  use
as woodfuel.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Biomass is one of the renewable energy sources that currently
upplies 7% of the world energy. The use of residual biomass, i.e.
orest residues, as biofuels is increasing triggered by limitations
n biomass availability and a growing demand for bioenergy. An
xample is the emerging use of tree stumps as woodfuels, thereby
eveloping the forest fuel potential (Bridgwater, 2006).

The stump is defined as the basal part of the tree, including the
ear-the-ground stem portion and the woody roots that remain
fter stem felling (Forest Research, 2009). It is the oldest part of the
ree, therefore enriched in heartwood (Gominho and Pereira, 2005),
eaction wood and cicatricial tissues, and with a higher content in
xtractives and polysaccharides (Rowell, 2005).

Most of the available stumps come from commercial plantations
ith high biomass growth, frequently managed in coppice systems,

nd reforested when productivity achieves its economical limit. In
he past, the stumps were uprooted and destroyed, and the biomass
pread or incorporated in the soil. Nowadays, stumps have become

 significant biomass source for heat and power generation, due to
carcity of other biomass types and decreasing prices for grinding

nd screening operations.

However, the use of harvest residues as biofuels, including the
elow-ground biomass, has ecological impacts which may  affect

∗ Corresponding author. Tel.: +351 213 653 378; fax: +351 213 653 338.
E-mail address: jgominho@isa.utl.pt (J. Gominho).

926-6690/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.indcrop.2012.01.026
site fertility, stand biological sustainability, regeneration and sur-
vival of understory native species (Bauhus et al., 2001). Carbon loss,
soil damage due to compaction, removal of essential nutrients (e.g.
N, P, K and B) and base cations (Ca, Mg,  Na and K) that reduce soil
buffering capacity are other critical factors (Pitman, 2006; Forest
Research, 2009; Mead, 2005). Therefore, removal and use for bioen-
ergy of harvest residues and stumps are a matter of current debate
in relation to soil quality considerations (Cowie et al., 2006; Stupak
et al., 2007).

Important providers of stump biomass are the industrial pulp-
wood plantations such as those of Eucalyptus globulus Labill.
(Tasmanian blue gum). E. globulus was one of the first species to
be used in plantations directed for pulp production and it com-
bines fast tree growth with excellent wood properties for printing
quality bleached pulp production (Pereira et al., 2010). The main
countries with industrial E. globulus plantations are Portugal and
Spain with over 1.3 million ha, Chile and Uruguay with about 0.5 ha,
while other eucalypt species and hybrids have been planted in other
countries, i.e. Brazil (Potts et al., 2004).

In Europe plantations of E. globulus are managed as a short-
rotation coppice system, with 3–4 rotations of about 9–12
years (Soares et al., 2007). The belowground biomass represents
about 25% of the stand aboveground biomass which amounts to
40–60 tonnes ha−1 of stumps biomass in commercial stands (Soares

and Tomé, 2004).

The general operations to uproot, collect and process the E. glob-
ulus stumps in Portugal are schematically described in Fig. 1. The
stumps are pulled out with a stump harvesting hydraulic head (ex.

dx.doi.org/10.1016/j.indcrop.2012.01.026
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:jgominho@isa.utl.pt
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In the laboratory the wood stump pieces were oven dried at

T
C

Fig. 1. General operational flow sheet for the transformation of the E. 

tump lifting tooth, root rake) mounted on a tracked excavator.
enerally the same head is used to pull out the stumps and as a
rusher to split the stumps in smaller pieces. Crushing is required
s a pre-cleaning process of foreign materials (i.e. stones and sand)
nd also for increasing bulk density, a critical parameter for trans-
ortation.

Sometimes a field pre-grinding is performed using mobile
quipment. In Portugal several small forestry enterprises have
pecialised in such operations. The processed stumps are stored
emporarily in field piles where they dry and are rinsed by rain
efore truck haulage. In the energy conversion plant the stump
eedstock is processed in order to produce clean chips with the
uality and size required by the boiler. The stump chips are usu-
lly blended with other biomass to improve feedstock quality. The
ajor and bigger conversion plants in Portugal are located in pulp

nd paper industries facilities.
Most of the research on chemical and elemental analyses on

. globulus has focused on the aboveground components (Pereira
t al., 2010). Studies on below-ground biomass are scarce and
ocused mainly on root biomass and growth dynamics, nutrient
ycling and carbon stocks (Fabião et al., 1985; Misra et al., 1998a,b;
ätterer et al., 1995; Madeira et al., 2002; Carneiro et al., 2009;
’Bou et al., 2010).
The objective of this study was to investigate the chemical
roperties of E. globulus stumps in the perspective of its use as a
iomass feedstock for gasification/combustion and other bioenergy
latforms. The studied properties included elemental analyses,

able 1
haracteristics of the selected E. globulus stands where stump removal was carried out an

Sites [HF] [SO] [T] 

Type of plantation Coppice Coppice Coppic
Stand  age (years) 38 40 42 

Number of rotation 4th 4th 4th 

Last  coppice 2008 2010 2006 

Stump harvesting July 2010 February 2010 2007 
us stumps in biomass feedstock for heat and power generation (CPH).

summative chemical composition as well as energy values and den-
sity. Approximation to the reality of commercial available stump
biomass led to field sampling in commercial eucalypt plantations
after final cutting and stump removal, and to cover a set of six loca-
tions with different characteristics, thereby allowing insight into
the potential variability of this feedstock.

2. Materials and methods

2.1. Stand characterisation and field sampling

The stumps used in this study were collected in six E. globulus
Labill. forest stands in Portugal including four commercial stands
for pulp wood production in conversion ([HF] – Herdade dos Fidal-
gos; [SO] – Serra da Ossa; [T] – Taipadas; [F] – Farrestelo) and two
forest stands under conversion to other uses ([L] – Loure; [VA] –
Vale Andorinho). The stand characteristics are presented in Table 1.

The eucalypt stumps were pulled out and crushed using a stump
harvesting hydraulic head mounted on a tracked excavator, and
piled in the field. At the time of sampling the piles of the commercial
stands had been kept in the field for 6–8 months. Samples were
taken from the stump pile from different crushed wood stumps
without bark.
60 ◦C until constant mass. The basic density of the crushed stump
pieces was calculated using the green volume determined by the
water displacement method and oven-dry mass.

d stump biomass was collected.

[F] [L] [VA]

e Coppice Single stem Single stem
24 >35 >35
2nd 1st 1st
1998 – –
July 2010 November 2010 November 2010
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The material was cleaned with a brush to remove sands and soil,
ut in small pieces and milled in a knife mill (Retsch SM 2000), and
ieved (Retsch ISO 9001). The 40–60 mesh granulometric fraction
as kept for chemical analysis and the 20–40 mesh fraction for

lemental and proximate analysis.

.2. Elemental and proximate analysis

The stump was characterised by elemental and proximate
nalysis according to international standards: moisture (CEN/TS
4774-2), ash (CEN/TS 14775), fixed carbon (ASTM D 3172), total
arbon, hydrogen and nitrogen (CEN/TS 15104), sulphur and chlo-
ine (CEN/TS 15289) and calorific values (CEN/TS 14918).

.3. Chemical summative analyses

The chemical analysis was performed according to TAPPI
tandard methods to determine ash, extractives, lignin and polysac-
harides. The inorganic material was determined gravimetrically
fter total combustion at 500 ◦C for 6 h in a muffle (T 211 om-02).
he extractives content was determined using in succession three
olvents with different polarities (dichloromethane, ethanol and
ater) with an adapted Soxtec extraction system (modified from

 12 os-75). The acid insoluble (Klason) lignin and the acid soluble
ignin were determined according to T 222 om-02 and UM T 250.

The carbohydrate composition as regards neutral sugars was
etermined by gas-liquid chromatography (GC-FID) with a method
dapted from Tappi 249 cm-00. The hydrolysed carbohydrates
ere derivatized as alditol acetates and separated by GC (HP 5890A

as chromatograph) equipped with a FID detector, using helium as
arrier gas (1 ml/min) and a fused silica capillary column S2330
30 m × 0.32 mm i.d. × 0.20 �m film thickness). The column pro-
ram temperature was 225–250 ◦C, with 5 ◦C/min heating gradient,
he temperature of injector and detector was 250 ◦C. For quantita-
ive analysis the GC was calibrated with pure reference compounds
nd inositol was used as internal standard in each run.

The carbohydrate complex was also characterised by deter-
ination of holocellulose by the chlorite method with 240 min

eaction time (Browning, 1967) and �-cellulose in extractive-free
nd lignin-free holocellulose (method described in Rowell, 2005).

. Results and discussion

.1. Basic density

Biomass density is one important parameter for its use as raw-
aterial for energy. Density influences the economical aspect (the

ost of transportation) and quality as fuel (quantity of energy
er volume and burning performance). The basic density data

f the stumps biomass collected in the different E. globulus
tands are described in Table 2. The mean stump biomass den-
ity was 0.63 g cm−3 with values ranging between 0.55 g cm−3

n [HF] to 0.71 g cm−3 in [L]. The comparative test of means

able 2
asic density of biomass collected in crushed stump piles of E. globulus in different sites. Av
est  of means.

Sites Basic density (g cm−3) Coefficient of v

[HF] 0.55 ± 0.06 10.1 

[VA]  0.59 ± 0.07 11.5 

[F]  0.60 ± 0.07 11.3 

[SO]  0.65 ± 0.04 5.5 

[T]  0.67 ± 0.06 8.8 

[L] 0.71 ± 0.05 7.0 

Mean  0.63 ± 0.19

a SNK, Student–Newman–Keuls test,  ̨ = 0.05, means with the same letters are not sign
and Products 39 (2012) 12– 16

(Student–Newman–Keuls) showed highly significant differences
between sites and the groups formed are independent of plantation
type and age of stumps.

When compared with the stem, the stumps presented slightly
higher density values. The literature refers basic density of E. globu-
lus wood at the commercial age of 9–12 years between 0.47 g cm−3

and 0.65 g cm−3 (Schimleck et al., 1999; Miranda and Pereira, 2001;
Kumar et al., 2011). This difference is the result of a higher pro-
portion in the stumps of older material with more heartwood and
cicatricial tissues with an accumulation of extractives.

3.2. Chemical composition

The chemical composition of a biomass feedstock for ther-
mochemical processes such as combustion or gasification is also
important since it is in relation with the calorific content. Cellulose
and hemicelluloses with their higher level of oxidation have lower
heat content values in comparison with lignin and extractives that
increase the calorific values of the biomass (Nordin, 1994).

The summative analysis of stumps from E. globulus trees in
the different sites is summarised in Table 3. Stumps contained
on average 15.1% extractives, ranging 11.3–17.4%. The content in
dichloromethane-soluble extractives was negligible (0.4%), while
ethanol and water soluble extractives reached an average of 10.5%
and 4.0% respectively.

To our knowledge there are no published references on the
chemical composition of E. globulus stumps. The total extractives
contents were substantially higher compared with 9–12-year old
E. globulus stemwood used by the pulp industry for which differ-
ent researchers referred values ranging 3.5–4.9% (Pereira, 1988;
Miranda and Pereira, 2001; Morais and Pereira, 2011). This higher
content of extractives, principally of ethanol soluble compounds, is
positive if we  consider their contribution in increasing the calorific
value as demonstrated by Kataki and Konwrer (2001); however
this could be a negative feature if the intent is to use stumps as
raw-material for pulping since it is known that extractives create
problems during delignification and bleaching (Hillis, 1984). How-
ever, in a biorefinery context a sequence of pre-extractions could
be investigated to release these extractives for applications as high
value chemicals before using the extracted biomass for energy or
pulp production.

Total lignin was  on average 24.8% (21.9% Klason lignin and 2.9%
soluble lignin) and across the sites there was  very little varia-
tion. Holocellulose averaged 67.0% with [HF] presenting the highest
holocellulose content (71.3%). Regarding composition of neutral
sugars (Table 4) the stumps have a similar carbohydrate compo-
sition compared to stemwood (Pereira, 1988).

Across sites, there was  some moderate chemical variation in
extractives (e.g. ethanol soluble) that corresponded to a coefficient

of variation of the mean of 17%. Extractives are known to be the
components with most variation in tree stems, i.e. in relation to
site, age and growing conditions (Pereira et al., 2010). The structural
components of biomass showed little across-site variation.

erage of 10 samples, standard deviation, coefficient of variation and SNK comparison

ariation (%) SNKa

a
a b
a b

b c
b c

c

ificantly different.



J. Gominho et al. / Industrial Crops and Products 39 (2012) 12– 16 15

Table  3
Chemical composition (% of oven dry mass) of biomass collected in crushed stump piles of E. globulus in different sites.

[HF] [SO] [T] [F] [L] [VA] Mean ± std

Ash 0.4 0.6 0.3 0.6 0.4 0.2 0.4 ± 0.2

Extractives 11.3 17.4 16.9 14.9 17.1 13.0 15.1 ± 2.5
Dichloromethane 0.5 0.5 0.1 0.5 0.5 0.4 0.4 ± 0.2
Ethanol  6.8 12.1 12.5 10.6 12.4 8.4 10.5 ± 2.4
Water  3.8 4.3 4.0 3.7 4.0 4.3 4.0 ± 0.2

Lignin  25.5 24.0 24.4 24.9 24.8 25.1 24.8 ± 0.5
Klason  22.1 21.4 21.7 22.2 21.9 21.8 21.9 ± 0.3
Soluble 3.4  2.6 2.7 2.7 2.7 3.3 2.9 ± 0.4

Holocellulose 71.3 64.3 64.7 67.5 65.5 68.9 67.0 ± 2.7
�-Cellulose 56.1 55.4 57.1 56.9 60.4 58.1 57.3 ± 1.8

Table 4
Monosaccharide composition (% of total neutral monosaccharides) of biomass collected in crushed stump piles of E. globulus in different sites.

[HF] [SO] [T] [F] [L] [VA] Mean ± std

Rhamnose 0.6 0.7 0.6 0.7 0.6 0.7 0.7 ± 0.1
Fucose – – – 0.1 – – 0.1
Arabinose 1.5 1.7 1.4 1.9 1.2 1.3 1.5 ± 0.3
Xylose  28.3 30.9 24.9 31.0 25.7 22.6 27.2 ± 3.4

t
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Mannose 1.0 0.6 2.1 

Galactose 2.2 2.0 2.3 

Glucose 66.3 64.0 68.5 

As regards ash, the mean content was small (0.4%) and similar to
he available references on eucalypt wood mineral content (Pereira,
988). From a fuel point of view this is an advantageous point since
ther biomass raw materials such as barks have much higher ash
ontents, i.e. E. globulus bark has nearly ten times more ash (Pereira,
988). However this aspect calls attention to the need of carefully
eparating the stumps wood chips from other extraneous materials
uch as soil particles.

.3. Calorific value, proximate analysis and ultimate analysis

The heat generated during combustion of wood depends on
natomical, physical and chemical properties as well as on growth
ate, tree age and part of stem used as biofuel (Nordin, 1994;
enelwa and Sims, 1999). In order to evaluate the energetic

alue of the stumps as raw-material for heat and power gener-
tion, caloric values, proximate (ash, volatile and fixed carbon)
nd ultimate (C, H, O, N, P, Cl and S) analysis are summarised
n Table 5.

able 5
nergetic parameters of the biomass collected in crushed stump piles of E. globulus in diff

[HF] [SO] [T] 

HHV (MJ  kg−1) 19.5 19.2 19.1 

LHV  (MJ  kg−1) 17.9 18.0 17.8 

Moisture (%) 10.4 8.6 9.7 

Proximate analysis (dry mass, %)
Ash 0.7 0.6 0.7 

Volatile  matter 82.1 80.6 81.5 

Fixed  carbon 17.2 18.8 17.8 

Ultimate analysis (dry mass, %)
Total carbon 50.7 51.2 51.5 

Hydrogen 5.7 5.8 5.9 

Nitrogen a a a 

Sulphur b b b 

Chlorine 0.042 0.033 0.032 

Oxygen  and errors 42.8 42.9 42.6 

HV – higher heating value; LHV – lower heating value.
a Quantification limit = 0.2.
b Quantification limit = 0.06.
0.9 1.0 0.7 1.1 ± 0.5
1.7 1.9 2.7 2.1 ± 0.4

63.7 69.7 72.0 67.4 ± 3.3

The mean higher heating value (HHV) of the stumps biomass
was 18.9 MJ  kg−1. This value is inside the range (18.8–19.3 MJ  kg−1)
reported by Lemenih and Bekele (2004) for 11–21-year old trees
and only slightly lower than the 19.7 MJ  kg−1 found by Senelwa and
Sims (1999) for 5-year old E. globulus wood. Kumar et al. (2011)
reported 20.2 MJ  kg−1 for a 20-year old hybrid of Eucalyptus and
Puri et al. (1994) reported values of 18.5 MJ  kg−1 and 17.3 MJ  kg−1

for wood of Eucalyptus camaldulensis and Eucalyptus teretecornis,
respectively. Núñez-Regueira et al. (2002) obtained for E. globulus
forest residues values of 21.9 MJ  kg−1 for leaves, 18.9 MJ  kg−1 for
thin branches and 18.9 MJ  kg−1 for thick branches.

The proximate analysis of stumps showed a mean 0.6% ash,
81.1% volatile matter and 18.3% fixed carbon. These parameters
are important for evaluation of biomass quality as feedstock for
biofuel since the ash content affects directly the energy conver-
sion processes by diminishing their efficiency due the fusion of ash

materials (“slagging”, melting of silica, potassium, calcium) and the
volatiles indicate the degree of combustion. The content in volatiles
is inversely proportional to the content in fixed carbon, and a

erent sites.

[F] [L] [VA] Mean ± std

19.1 18.8 18.1 18.9 ± 0.5
17.9 17.6 16. 9 17.7 ± 0.4

13.4 6.3 3.8 8.7 ± 3.0

0.6 0.8 0.2 0.6 ± 0.2
80.8 80.4 81.2 81.1 ± 0.6
18.6 18.8 18.6 18.3 ± 0.6

51.0 50.9 50.8 51.0 ± 0.3
5.9 5.8 5.9 5.8 ± 0.1
a a a a

b b b b

0.053 0.038 0.037 0.04 ± 0.01
43.4 43.2 56.7 45.3 ± 5.1
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iofuel rich in fixed carbon (low content in volatiles) will burn
lowly. Compared with E. globulus stemwood (Kumar et al., 2011),
he ash content of stumps was higher but the volatile matter and
xed carbon presented similar values (respectively 0.46%, 79.4%
nd 20.2% for ash, volatiles and fixed carbon in stemwood). To
void problems with ash in the conversion processes, namely by
aking into consideration the possibility of contamination with soil
articles by a less careful field handling of the biomass, it is recom-
ended to blend the stumps chips with other feedstocks in order

o obtain an overall low ash content in the feed.
E. globulus stump biomass presented values for elemental com-

osition (C = 51.0%; H = 5.8%; O = 45.3%; Cl = 0.04%) that are usual
or forest biomass (Reed and Das, 1988). Higher oxygen and hydro-
en contents in biomass reduce the energetic value since the major
nergetic bonds are the carbon–carbon bonds.

No differences were found in the fuel properties of stumps col-
ected from the different sites.

. Conclusions

The chemical characterisation and the fuel properties of the
tumps biomass of E. globulus were studied in six sites in Portugal.
tumps biomass from commercial E. globulus plantations have suit-
ble properties to be used as a fuel for heat and power generation.
o variations were found across the six sites in the fuel and relevant
hemical properties of the stumps biomass, therefore allowing gen-
ralization to other eucalypt stands. Precautions should be taken
uring collection and processing to avoid mineral contaminations

n the feedstock.
Compared to wood, the stumps had a higher content in extrac-

ives principally ethanol and water soluble compounds, and similar
ignin and polysaccharides content. The higher heating value
HHV), and proximate and ultimate analysis are similar to those
f E. globulus wood and forest residues.
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