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Lignocellulosic  biomass  can be used  as  a  substrate  in  an integrated  biorefinery,  including  in  the  produc-
tion  of second-generation  biofuels.  Therefore,  this  study  analyzed  the  chemical  composition  of biomass
of  willow,  poplar  and black  locust,  depending  on the  method  of soil enrichment  (lignin,  mineral  fertiliza-
tion,  mycorrhiza  inoculation  and  control  - no enrichment),  and  harvest  cycle  (three-  and  four-year),  as
potential  feedstock  in  the production  of second-generation  bioethanol.  The  highest  content  of cellulose  in
the  experiment  was  found  in  willow  biomass  obtained  from  the  control  plot  in  the  3-year  harvest  cycle.
Although  the  content  of  cellulose  in  poplar  biomass  was  similar  regardless  of its harvest  cycle,  it was
lower  than  in  willow  biomass  by an  average  of 5% points.  Furthermore,  the  average  content  of  cellulose
in  biomass  of black  locust  harvested  in  a 3-year  cycle  was  the  lowest.  Of the  species  under  study,  the
hemical composition
ioethanol

highest  content  of  lignin  was  found  in  biomass  of poplar,  both  in the 3-year  and  4-year  harvest  cycle.
The  study  found  that  although  the  choice  of  SRWC  species  used  as a source  of  polysaccharides  must
take  into  account  the percentage  content  in  biomass,  species  and  soil enrichment  methods  must  also  be
chosen  to  ensure  high  biomass  yield  per  unit  area  because  differences  in  the  potential  yield  of  individual
polysaccharides  per  1 ha  in  some  cases  exceeded  1000%.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biomass is one of the most easily available feedstock and sources
f energy in the world. Depending on its properties, it is used in dif-
erent branches of the food, forestry, construction, energy, medicine
nd chemical industries. Ethanol, used in production of transport
uels, is one of products obtained from biomass (Dalla Marta et al.,
014; Johnson and Silveira, 2014). The ethanol production output

n 2013 amounted to 88.69 billion liters. Brazil and the USA are the
wo major ethanol producing countries (over 80% market share),
here it is produced from sugarcane (Brazil) or starch, mainly from

orn (USA) (Gupta and Verma, 2015). However, studies have shown
hat biofuels obtained in this manner frequently do not contribute

o greenhouse gas reduction and they require a large amount of
nergy for their production (Fargione et al., 2008). However, efforts
re being made to use corn kernel, bagasse and sugarcane-trash to

∗ Corresponding author. Tel.: +48 895234838.
E-mail address: mariusz.stolarski@uwm.edu.pl (M.J. Stolarski).

ttp://dx.doi.org/10.1016/j.indcrop.2015.04.025
926-6690/© 2015 Elsevier B.V. All rights reserved.
produce cellulosic ethanol. This could be a way of reducing GHG
emissions from maize and sugar cane plantations (Alonso Pippo
et al., 2011; Shrestha et al., 2012). Moreover, they compete with
food production directly, by the biorefineries using their products
(crops) and because they are grown on good quality soils where
food crops could be grown. This results in food price increases. This
can be shown in an example of a drought in the USA – a country in
which 40% of corn production output is used to produce bioethanol.
Due to the drought and a considerable crop yield drop in 2012/2013,
the average farm price for corn was  $6.89 per bushel compared
with $6.22 in 2011/2012 (USDA, 2014). Moreover, according to the
Action Aid report, the price of corn in developed countries increased
by $6.6 billion over six years because a large portion of it was used
to produce ethanol (Action Aid International USA, 2012).

Therefore, attempts have been made to produce second-
generation ethanol from cellulose and hemicellulose obtained from

non-food crops or residues from food crops. Such feedstock can
be obtained from both forestry and agricultural resources. (Kim
and Dale, 2004) reported that 442 billion liters of second gener-
ation ethanol can be produced from lignocellulosic biomass and

dx.doi.org/10.1016/j.indcrop.2015.04.025
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2015.04.025&domain=pdf
mailto:mariusz.stolarski@uwm.edu.pl
dx.doi.org/10.1016/j.indcrop.2015.04.025
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hat total crop residues and wasted crops can produce 491 bil-
ion liters of ethanol per year. de Vries et al., (2014) found that
econd-generation biofuels from miscanthus and black locust per-
orm substantially better than first generation systems based on
apeseed and sugarbeet. They contribute much more to GHG emis-
ion reduction, have much higher net energy yields and better
esource use efficiencies (soil erosion and N leaching were also
ower). However, the sustainability of second-generation biofuels

ay  also be disputable if producers follow the path of manufactur-
rs of first generation fuels (e.g., deforestation, soil organic carbon
ontent, water and nutrients use, intensification, long transport
istance, etc.) (Mohr and Raman, 2013).

This is the reason why the development of lignocellulosic biore-
neries has been attracting increasing attention in many countries
round the world, mainly in Brazil, the USA, Canada, Japan, India,
hina and in Europe (Mussatto et al., 2010). The development
f ethanol production technology is still limited by the cost of
ts production, but the progress in enzyme engineering, modern

ethods of pre-treatment and studies of the fermentation process
ave brought the production of second-generation ethanol closer
o implementation and made it more feasible (Gonzalez-Garcia
t al., 2012). Work on developing new, more cost-effective solutions
nd full-scale production technology of second-generation ethanol
s under way. According to a survey conducted by the National
enewable Energy Laboratory (NREL), the majority of installations
f this type in the USA are still in the demonstrative or concept
hase (Schwab et al., 2015). It is the same in Europe, where much
urther studies are needed to improve the technology of industrial
onversion of lignocellulosic raw materials into ethanol.

A biorefinery uses the concept of separation and utilization of
ll the organic fractions obtained from lignocellulose. The pro-
uction process of ethanol from lignocellulose usually consists of
re-treatment, enzymatic hydrolysis of polysaccharides, ethanol
ermentation in a monosaccharide solution, distillation, rectifica-
ion and dehydration of the obtained alcohol (Margeot et al., 2009;
iikari et al., 2012; Kelbert et al., 2015; Chiaramonti et al., 2012).
rocessing the fractions which are not used in the ethanol pro-
uction process helps to improve the economic balance of the

nstallation, while providing a broad range of potential products of
 biorefinery, depending on the market demand. These processes
an be categorized as alternative (which use the same feedstock
s in the process of alcohol production) or those based on frac-
ions of lignocellulosic feedstock which are not used in the process.
xamples of a competitive process in terms of feedstock for the
thanol production process include other fermentation pathways
which lead to compounds such as butanol, isopropanol or ace-
one) as well as chemical methods of conversion, for example, of
ellulose to levulinic acid or obtaining furfural by catalytic transfor-
ation of hemicelluloses. It is noteworthy that cellulose, especially

s nanocellulose, is itself a valuable product (Mathew et al., 2014).
Agricultural lignocelluloses, which can potentially be used as a

ubstrate in an integrated biorefinery, including in the production
f second-generation biofuels, can be obtained from agricultural
esidues, i.e. corn stover, sugarcane bagasse, cereal straw, rice husk,
tc. or dedicated perennial crops, such as miscanthus, poplar, wil-
ow (García et al., 2014; Gonç alves et al., 2013; Karlsson et al.,
014; Krzyżaniak et al., 2014). Among perennial species, short rota-
ion woody crops (SRWC) provide a stable yield and there is a
ell-developed technology for their cultivation. The yield of wil-

ow and poplar can reach as much as 30 Mg  of d.m. ha−1 year−1,
hen cultivated on good soils and under favorable weather condi-

ions (Adegbidi et al., 2001; Johansson and Karačić, 2011; Stolarski

t al., 2011b). However, it is lower in agricultural practise (5–15 Mg
f d.m. ha−1 year−1) (Wilkinson et al., 2007; Mola-Yudego, 2011;
tolarski et al., 2011a, 2015). The lower yield in agriculture is caused
y different factors, including the cultivation of such plants on
and Products 75 (2015) 66–75 67

land of lower quality, which is less usable for the cultivation of
edible crops. The choice is frequently dictated by economic fac-
tors. Farmers concentrate high-yield production of edible crops on
high quality soils, and defective or marginal soils are left for the
production of less-demanding plants. Therefore, different meth-
ods of enriching soil and improving its quality are being sought
(Labrecque et al., 1997; Rooney et al., 2009; Aronsson et al., 2014;
Stolarski et al., 2014a). Soil enrichment aims to obtain higher
biomass yield, thereby resulting in larger amounts of cellulose and
hemicellulose produced at an SWRC plantation. Moreover, the plant
species, cultivar, age, soil and the conditions of plant growth all con-
tribute to the chemical composition of biomass obtained from an
SRWC plantation (López et al., 2008; Guidi et al., 2009; Wróblewska
et al., 2009; Stolarski et al., 2011b; Serapiglia et al., 2013; Carmona
et al., 2015). Therefore, the aim of this study was  to assess the
biomass chemical composition of 3 SRWC species, depending on the
method of soil enrichment and harvest cycle, as potential feedstock
in the production of second-generation bioethanol.

2. Materials and methods

2.1. Field experiment

The study was  based on a three-factorial field experiment, set
up in late April 2010 at the Didactic and Research Station in Łężany
(53◦59′N, 21◦04′E), owned by the University of Warmia and Mazury
in Olsztyn. It was located on soil of low usability for traditional agri-
cultural production for food or fodder crops. The experiment was
set up in a split-plot design. Three plant species (factor A) and eight
methods of soil enrichment (factor B) were randomly assigned to
72 plots in three replications with 20 plants per plot. Subsequently,
single plants were randomly harvested from each plot in 2012 (after
3 years of vegetation) and in 2013 (after four years of vegetation)
(factor C). However, due to the high costs of chemical analyses and
limited budget, a reduced composition of factors in the experiment
were used to assess the biomass chemical composition. Since sev-
eral levels of factor B were excluded from the assessment, three
effects of factor A were assessed (black locust, willow, poplar) as
well as four effects of factor B (control, lignin, mineral fertiliza-
tion, mycorrhiza inoculation) and two effects of factor C (three- and
four-year harvest cycle) and their interactions (AB, AC and ABC).

Willow of the Salix viminalis, species, poplar Populus nigra × P.
Maximowiczii Henry cv. Max-5 and black locust (Robinia pseudoa-
cacia) were used in field trials. A willow cultivar UWM  006 grown
in UWM,  Olsztyn, was used in the experiment. The cultivar is reg-
istered with the Polish Center for Crop Studies under the name of
“Żubr”. Poplar was provided by a farm in northern Austria and black
locust by a forest nursery in Poland. The crops were planted at the
density of 11.11 thousand per ha. Willow and poplar were manu-
ally planted from cuttings and black locust from seedlings. Lignin
(a waste product in paper production) was applied at the dose of
13.3 Mg  ha−1. Live mycorrhizal mycelium as a liquid suspension at
30–35 cm3 was applied to each plant. Mineral fertilization with NPK
was applied at 13, 50 and 90 kg ha−1, respectively.

2.2. Obtaining biomass for laboratory analyses

Appropriate three- and four-year old willow, poplar and black
locust trees from different combinations of soil enrichment and the
control plot were felled in December 2012 and 2013. Plants were
cut down with a DCS520 (Makita) chain saw 5–10 cm above the

ground level. Subsequently, the whole shoots with branches were
cut up into chips on site with a Junkkari HJ 10 G (Junkkari) chipper,
working together with a tractor (New Holland) with the power of
130HP. While chipping shoots, representative samples of biomass
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approx. 5 kg) for the methods of soil enrichment under study were
aken from each plot for laboratory analyses. The samples were
acked in foil bags and sent to the laboratory.

.3. Laboratory tests and determination of the yield of selected
olysaccharides

Biomass samples were delivered to the laboratory and lab-
ratory samples were then isolated for chemical analyses. The
hemical composition was determined in biomass obtained from
hole shoots with bark. In order to prepare the samples for further

nalyses, moisture content was determined by drying and weigh-
ng. To this end, biomass was dried at the temperature of 105 ± 2 ◦C
n a Premed KBC G-65/250 drier (PN 80/G-04511) until a constant

eight was achieved.
The wood for chemical analyses was prepared following the

N-92/P-50092 standard. Samples were ground using a sieve with
.0 mm square screens (mill Fritsch type 15). The material was
assed through brass sieves to separate the 0.5–1.0 mm fraction.
tandard methods were applied for the chemical composition of
iomass. Before determination of the cellulose, lignin and holocel-

ulose content, extraction in 96% ethyl alcohol was  performed in a
oxhlet apparatus with TAPPI T 204 cm-07 (Baeza and Freer, 2000;
engel and Wegener, 1989). The material was then dried under
aboratory conditions and the extracted substances (lipids, waxes,
esins and others) were dried at 103 ± 2 ◦C and the contents of
ellulose (with the Seifert method, according to PN-92/P-50092),
ignin (according to Tappi T 222 om-06), using 72% H2SO4, pen-
osans (with Tollen’s method – TAPPI 223 cm-01), holocellulose
using sodium chlorite, with the PN-75/50092 standard) (Rowell,
005) and base-soluble substances (a 1% aqueous solution of NaOH,
hich provides information about the amount of hemicelluloses in
ood, according to TAPPI T 212 om-07). Apart from incomplete

xtraction of hemicelluloses, the main drawback of this method is
hat some of the lignin hydrolyzes and undergoes partial conden-
ation. Therefore, in order to provide a more precise content, the
ontent of hemicellulose was also calculated from the difference
etween the holocellulose and cellulose contents. The content of
ubstances soluble in cold and hot water were determined accord-
ng to TAPPI T 204 cm-07. In one of the analyses, the content of
ubstances soluble in cold water was first determined followed by
he content of substances soluble in hot water. However, the con-

ent of substances soluble in ethanol and the content of substances
oluble in 1% NaOH were determined in the other two separate
nalyses. A pH analysis was conducted according to PN-Z-15011-1.
ll of the analyses were done in three replications.

able 1
he ANOVA F-test statistics.

Source of variation df Substances
soluble in
cold water

Substances
soluble in hot
water

Substances
soluble in
ethanol

Substance
soluble in
NaOH

Species (A) 2 1470.4** 878.7** 263.8** 797.9**

Soil enrichment
procedure (B)

3 42.9** 7.4** 7.6** 16.7**

Harvest cycle (C) 1 64.6** 6.5* 1.6NS 409.2**

AB 6 84.9** 20.7** 35.9** 50.2**

AC 2 83.3** 40.2** 21.5** 64.7**

BC 3 234.0** 75.6** 79.1** 43.0**

ABC 6 139.9** 74.3** 45.3** 25.1**

Error 48
Total 71

f = number degrees of freedom.
S = not significant.
* P < 0.05.

** P < 0.01.
and Products 75 (2015) 66–75

The potential yield of cellulose, hemicellulose and holocellu-
lose (Mg  of d.m. ha−1 year−1) was  calculated by multiplying the
dry weight yield of the SRWC species calculated in different com-
binations (Stolarski et al., 2014a,b) by the percentage content of
individual polysaccharides in dry biomass.

2.4. Statistical analysis

Because of the limitation discussed here and because only some
plots were chosen for assessment, the chemical composition of
biomass was  analyzed statistically in a completely randomized
design (CRD).

A three-way analysis of variance was  carried out to determine
the effects of species (factor A), soil enrichment procedure (fac-
tor B), harvest cycle (factor C) and all interactions (AB, AC, BC,
ABC). Homogeneous groups for the all examined characteristics
were determined by means of a Tukey (HSD) multiple test with
the significance level set at P < 0.05.

PCA (Principal component analysis) was applied to evaluate the
chemical features of the biomass. The number of components was
selected based on Kaiser’s criterion using the method of eigen val-
ues (�i) larger than one (>1). The diagram of the Component Scores
for the first two  PCs was presented in the form of a biplot. The
results of the tests were analyzed statistically using STATISTICA PL
software.

3. Results

All parameters of the chemical composition of the biomass
under study were significantly different across all of the main
experiment factors and between them. Significant differences were
not found only in the content of substances soluble in ethanol and
cellulose content across the harvest cycles and for the pentosane
content across the methods of soil enrichment (Table 1).

The content of substances soluble in cold water was  the highest
in biomass of black locust, both in the 3- and 4-year harvest cycle, by
an average of 8.90% of d.m. and 7.91% of d.m., respectively (Table 2).
A significantly lower value of this attribute was observed in poplar
biomass and the significantly lowest was  in willow biomass. The
highest content of substances soluble in cold water was found in
plots in which black locust was fertilized with mineral fertilizers
in a 3- or 4-year harvest cycle - the homogeneous group a and b,
respectively. Similar relationships between the species under study

were observed for the content of substances soluble in hot water.

The average content of substances soluble in ethanol was the
highest in poplar biomass, in both the 3- and 4-year harvest cycles
(8.24% of d.m. and 8.60% of d.m., respectively) (Table 3). The value

s
 1%

Cellulose Holocellulose Hemicellulose Lignin Pentosans pH

1346.9** 273.2** 112.2** 1041.5** 16.5** 102.3**

24.8** 19.8** 3.8* 28.7** 2.7NS 5.5**

2.0NS 661.4** 403.4** 39.1** 76.0** 657.8**

11.4** 12.2** 3.8** 42.6** 3.7** 38.1**

58.2** 18.3** 14.9** 50.9** 23.4** 124.5**

4.9** 14.0** 5.0** 15.0** 4.6** 20.0**

17.8** 20.8** 9.4** 16.8** 4.0** 77.4**
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Table  2
The content of substances soluble in cold and hot water in SRWC biomass.

Species (A) Soil enrichment procedure (B) Harvest cycle (C)

Three-year Four-year Three-year Four-year
Content of substances soluble in cold water (% d.m.) Content of substances soluble in hot water (% d.m.)

Black locust Control 8.93 ± 0.22 b 7.47 ± 0.07 d 9.41 ± 0.30 cd 10.02 ± 0.10 bc
Lignin 7.84 ± 0.12 cd 7.80 ± 0.13 cd 9.72 ± 0.27 c 9.59 ± 0.11 cd
Mineral fertilization 10.52 ± 0.24 a 8.91 ± 0.19 b 11.02 ± 0.31 a 10.03 ± 0.21 bc
Mycorrhiza 8.29 ± 0.17 bc 7.45 ± 0.05 d 8.36 ± 0.37 ef 9.53 ± 0.28 cd

Mean  8.90 ± 1.07 A 7.91 ± 0.63 B 9.63 ± 1.02 A 9.79 ± 0.30 A

Poplar  Control 6.21 ± 0.16 ef 5.70 ± 0.27 f 8.57 ± 0.44 e 7.83 ± 0.36 f
Lignin  5.96 ± 0.13 f 8.39 ± 0.03 bc 8.84 ± 0.31 de 8.17 ± 0.27 ef
Mineral fertilization 5.18 ± 0.22 g 8.03 ± 0.01 c 6.56 ± 0.16 gh 10.38 ± 0.23 b
Mycorrhiza 8.05 ± 0.19 c 4.62 ± 0.01 gh 9.19 ± 0.12 d 7.86 ± 0.19 f

Mean  6.35 ± 1.11 D 6.69 ± 1.65 C 8.29 ± 1.10 B 8.56 ± 1.13 B

Willow Control 5.88 ± 0.06 f 5.48 ± 0.07 fg 7.74 ± 0.08 fg 5.88 ± 0.02 h
Lignin  6.34 ± 0.28 e 5.29 ± 0.18 g 7.20 ± 0.39 g 6.44 ± 0.15 gh
Mineral fertilization 4.59 ± 0.16 h 6.12 ± 0.04 ef 5.98 ± 0.02 h 7.15 ± 0.22 g
Mycorrhiza 6.66 ± 0.29 e 5.15 ± 0.34 g 8.00 ± 0.05 f 6.00 ± 0.10 h

Mean  5.87 ± 0.85 E 5.51 ± 0.42 F 7.23 ± 0.83 C 6.37 ± 0.53 D

± Standard deviation A,B,C... homogenous groups interaction factors AC; a,b,c... homogenous groups interaction ABC.

Table 3
The content of substances soluble in ethanol and 1% NaOH in SRWC biomass.

Species (A) Soil enrichment procedure (B) Harvest cycle (C)

Three-year Four-year Three-year Four-year
Content of substances soluble in ethanol (% d.m.) Content of substances soluble in 1% NaOH (% d.m.)

Black locust Control 8.01 ± 0.12 cd 6.59 ± 0.17 gh 29.40 ± 0.51 bc 24.61 ± 0.18 g
Lignin  6.09 ± 0.37 hi 6.76 ± 0.33 g 28.42 ± 0.28 c 22.10 ± 0.36 i
Mineral fertilization 8.83 ± 0.40 bc 7.66 ± 0.13 de 31.60 ± 0.12 a 27.66 ± 0.12 cd
Mycorrhiza 6.85 ± 0.27 fg 6.33 ± 0.48 h 27.01 ± 0.03 de 27.38 ± 0.16 d

Mean  7.45 ± 1.13 C 6.84 ± 0.59 D 29.11 ± 1.76 C 25.44 ± 2.38 E
Poplar  Control 7.78 ± 0.26 d 8.37 ± 0.31 c 32.09 ± 0.78 a 29.41 ± 0.47 bc

Lignin  8.07 ± 0.11 cd 9.34 ± 0.22 b 30.92 ± 0.42 ab 30.02 ± 0.31 b
Mineral fertilization 6.89 ± 0.16 fg 9.32 ± 0.34 b 30.04 ± 0.06 b 31.07 ± 0.29 ab
Mycorrhiza 10.21 ± 0.19 a 7.38 ± 0.15 ef 31.49 ± 0.16 a 31.16 ± 1.47 ab

Mean  8.24 ± 1.28 B 8.60 ± 0.87 A 31.13 ± 0.88 A 30.41 ± 1.03 B
Willow Control 6.87 ± 0.41 fg 6.18 ± 0.06 hi 27.35 ± 0.50 d 23.56 ± 0.09 h

Lignin  7.01 ± 0.17 f 6.62 ± 0.15 gh 27.48 ± 0.47 d 26.17 ± 0.19 ef
Mineral fertilization 5.64 ± 0.13 i 7.61 ± 0.33 de 25.70 ± 0.24 f 25.09 ± 0.25 fg
Mycorrhiza 7.53 ± 0.11 e 6.71 ± 0.27 g 26.40 ± 0.46 e 23.91 ± 0.29 gh
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Mean  6.76 ± 0.75 D 

 Standard deviation A,B,C... homogenous groups interaction factors AC; a,b,c... hom

f this attribute ranged from 5.64% of d.m. to 10.21% of d.m. in the
hole experiment, in both mineral-fertilized willow and in poplar,
nder which mycorrhiza was applied in a three-year harvest cycle,
espectively. The biomass of poplar, obtained in 3- and 4-year har-
est cycles, contained the largest amounts of substances soluble in
% NaOH, 31.13% of d.m. and 30.41% of d.m., respectively. The low-
st value of this attribute was observed in willow biomass obtained
n the 4-year harvest cycle (24.68% d.m.).

Of the species under study, the significantly highest content of
ignin was found in the poplar biomass, in both the 3-year and 4-
ear harvest cycles (27.43% of d.m. and 25.98% of d.m., respectively)
Table 4). The content of lignin in willow and black locust biomass
as lower compared with its content in poplar by 3–5% points, on

verage. A higher content of lignin in poplar was found in plots
here poplar was cultivated in a combination with lignin added

n order to enrich the soil, and a higher content of lignin in black
ocust was found in control plots. It is difficult at this stage to clearly
dentify the reason why the soil enrichment methods applied in
he experiment resulted in a decrease in lignin content in black
ocust biomass compared with the control plot. This may  have been

aused by some species-specific physiological factors.

Willow biomass obtained in the 4-year harvest cycle contained
he largest amounts of pentosanes (22.10% of d.m.). The same
omogeneous group “A” included black locust biomass obtained
 ± 0.58 D 26.73 ± 0.84 D 24.68 ± 1.09 F

ous groups interaction ABC.

in the same harvest cycle. On the other hand, black locust biomass
obtained in a 3-year harvest cycle contained the significantly small-
est amount of pentosanes. The pH value of the species biomass
ranged from 4.90 to 6.13 for poplar fertilized with mineral fertil-
izers and harvested in a 4-year cycle and willow on a control plot
and mycorrhiza in a 3-year harvest cycle, respectively (Table 4).

The contents of holocellulose and hemicellulose were sig-
nificantly different across all the main experiment factors and
interactions between them (Table 5). It must be emphasized that
willow biomass obtained in the 4-year harvest cycle contained the
largest amounts of holocellulose (77.80% of d.m., on average). The
value of this attribute in willow in the plots where soil was  enriched
with lignin, mineral fertilization and mycorrhiza was  78% of d.m.
The second homogeneous group in terms of mean content of holo-
cellulose included poplar biomass harvested in a 4-year cycle and
the third was willow biomass harvested in a 3-year cycle.

Willow biomass obtained in the 3- and 4-year harvest cycle con-
tained the largest amounts of cellulose, 43.82% of d.m. and 42.92% of
d.m., respectively (Table 5). The highest content of cellulose in the
experiment was found in willow biomass obtained from the con-

trol plot in the 3-year harvest cycle. The methods of soil enrichment
applied in this experiment caused a decrease in cellulose content
in willow biomass. The methods of soil enrichment applied in the
experiment tended to decrease cellulose content in willow biomass
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Table  4
The content of lignin, pentosans in SRWC biomass and pH.

Species (A) Soil enrichment
procedure (B)

Harvest cycle (C)

Three-year Four-year Three-year Four-year Three-year Four-year
Lignin (% d.m.) Pentosans (% d.m.) pH

Black locust Control 23.69 ± 0.27 e 24.89 ± 0.49 d 21.10 ± 0.27 e 22.36 ± 0.13 ab 5.11 ± 0.11 fg 5.39 ± 0.04 ef
Lignin  22.86 ± 0.20 f 22.69 ± 0.03 fg 19.84 ± 0.10 g 22.16 ± 0.07 b 6.04 ± 0.05 ab 4.92 ± 0.08 h
Mineral fertilization 22.07 ± 0.24 g 21.54 ± 0.23 g 21.05 ± 0.18 e 22.14 ± 0.37 b 5.38 ± 0.07 ef 5.38 ± 0.07 ef
Mycorrhiza 22.84 ± 0.24 f 23.47 ± 0.06 ef 20.70 ± 0.47 f 21.65 ± 0.21 d 5.14 ± 0.07 fg 5.25 ± 0.10 f

Mean  22.86 ± 0.63 E 23.15 ± 1.29 D 20.67 ± 0.58 C 22.08 ± 0.33 A 5.42 ± 0.40 B 5.24 ± 0.21 C
Poplar  Control 27.91 ± 0.23 ab 25.98 ± 0.10 c 20.89 ± 0.44 f 21.46 ± 0.12 d 5.26 ± 0.03 f 5.14 ± 0.03 fg

Lignin  28.62 ± 0.11 a 26.51 ± 0.37 bc 21.82 ± 0.98 cd 21.42 ± 0.40 d 5.35 ± 0.04 ef 5.21 ± 0.04 f
Mineral fertilization 27.32 ± 0.7 b 25.94 ± 0.31 c 21.49 ± 0.23 d 21.22 ± 0.27 de 5.45 ± 0.03 e 4.90 ± 0.04 h
Mycorrhiza 25.86 ± 0.28 c 25.51 ± 0.18 cd 20.92 ± 0.05 ef 21.48 ± 0.22 d 5.73 ± 0.04 c 5.35 ± 0.03 ef

Mean  27.43 ± 1.11 A 25.98 ± 0.43 B 21.28 ± 0.62 B 21.40 ± 0.25 B 5.45 ± 0.19 B 5.15 ± 0.17 C
Willow  Control 22.94 ± 0.29 f 23.07 ± 0.24 ef 21.44 ± 0.24 d 22.56 ± 0.11 a 6.13 ± 0.07 a 5.37 ± 0.06 ef

Lignin  23.11 ± 0.10 ef 24.44 ± 0.38 de 21.24 ± 0.28 de 21.97±0.10 bc 5.57 ± 0.13 d 5.27 ± 0.07 f
Mineral fertilization 24.52 ± 0.22 de 22.62 ± 0.35 fg 21.98±0.34 bc 21.87±0.22 c 5.95 ± 0.05 b 5.02 ± 0.06 gh
Mycorrhiza 23.70 ± 0.08 e 23.35 ± 0.59 ef 21.61 ± 0.34 d 22.01±0.44 bc 6.13 ± 0.13 a 5.04 ± 0.08 g

Mean  23.57 ± 0.67 C 23.37 ± 0.78 CD 21.57 ± 0.39 B 22.10 ± 0.35 A 5.95 ± 0.25 A 5.17 ± 0.17 C

± Standard deviation A,B,C... homogenous groups interaction factors AC; a,b,c... homogenous groups interaction ABC.

Table 5
The content of holocellulose, cellulose and hemicellulose in SRWC biomass.*

Species (A) Soil enrichment
procedure (B)

Harvest cycle (C)

Three-year Four-year Three-year Four-year Three-year Four-year
Holocellulose (% d.m.) Cellulose (% d.m.) Hemicellulose (% d.m.)

Black locust Control 71.87 ± 0.33 de 76.18 ± 1.54 b 37.45 ± 0.39 e 40.47 ± 0.37 c 34.42 ± 0.67 e 35.71 ± 1.89 cd
Lignin 69.21 ± 0.74 f 75.51 ± 0.12 bc 37.24 ± 0.22 ef 38.44±0.54 de 31.97±0.70 gh 37.08±0.51 bc
Mineral fertilization 68.00 ± 0.37 g 72.86 ± 0.91 cd 35.49±1.08 f 38.21±0.35 de 32.51±0.72 fg 34.64±1.12 de
Mycorrhiza 72.77 ± 0.44 cd 73.33 ± 0.35 cd 37.95±0.41 e 37.26±0.29 ef 34.82±0.79 d 36.07±0.27 c

Mean  70.46 ± 2.06 F 74.47 ± 1.66 D 37.03±1.10 D 38.60±1.27 C 33.43±1.41 D 35.88±1.33 B
Poplar  Control 72.98 ± 1.14 cd 77.32 ± 0.41 ab 39.47±0.35 cd 38.40±0.35 de 33.52±0.97 f 38.93±0.42 ab

Lignin  72.19 ± 0.35 d 77.24 ± 0.08 ab 37.56±0.38 e 37.34±0.17 e 34.63±0.72 de 39.89±0.10 a
Mineral fertilization 73.65 ± 0.21 c 75.71 ± 0.40 bc 38.39±0.16 de 38.40±0.26 de 35.26±0.32 cd 37.32±0.56 b
Mycorrhiza 70.99 ± 0.77 e 77.68 ± 0.16 ab 38.33±0.48 de 38.59±0.70 d 32.66±0.34 fg 39.09±0.81 ab

Mean  72.46 ± 1.20 E 76.99 ± 0.83 B 38.44±0.77 C 38.18±0.63 C 34.02±1.18 CD 38.81±1.08 A
Willow Control 76.51 ± 0.56 b 76.57 ± 0.61 b 44.51±0.18 a 42.33±0.26 bc 32.00±0.50 gh 34.24±0.41 ef

Lignin  73.99 ± 0.70 c 78.26 ± 0.40 a 42.56 ± 0.31 bc 43.10 ± 0.45 b 31.43 ± 1.01 h 35.16 ± 0.52 cd
Mineral fertilization 74.24 ± 0.83 c 78.19 ± 0.17 a 43.99 ± 0.34 ab 42.68 ± 0.11 bc 30.25 ± 1.17 i 35.51 ± 0.06 cd
Mycorrhiza 76.48 ± 0.25 b 78.17 ± 0.15 a 44.23 ± 0.26 ab 43.57 ± 0.25 b 32.25 ± 0.50 g 34.61 ± 0.26 de

Mean  75.31 ± 1.36 C 77.80 ± 0.81 A 43.82 ± 0.82 A 42.92 ± 0.54 B 31.48 ± 1.08 E 34.88 ± 0.60 C
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 Standard deviation A,B,C... homogenous groups interaction factors AC; a,b,c... hom
* The compounds cannot be added up as 100%, but they should be understood as

nd the others compared with control plots. This may  be attributed
o physiological factors associated with quicker growth, biomass
ncrease and higher yield from the plots in which different methods
f soil enrichment were used than in the control plots. The content
f cellulose in poplar biomass was similar regardless of its harvest
ycle. However, it was significantly lower than in willow biomass
by an average of 5% points). Furthermore, the content of cellulose
n black locust biomass harvested in a 4-year cycle was in the same
omogeneous group as poplar. On the other hand, the cellulose
ontent in black locust biomass harvested in a 3-year cycle was the
owest (significantly) and it was only 35.49% d.m. in a plot where

ineral fertilization was applied. The largest amount of hemicellu-
ose was found in biomass of poplar harvested in a 4-year cycle and
he smallest was in biomass of willow harvested in a 3-year cycle.

The principal component analysis (PCA) yielded three princi-
al components (F1, F2, F3) which, when combined, explained
1% of the variability of the plots under study (Table 6). The first
rincipal component (F1) after Varimax rotation explained 35% of

he variability between the plots under study based on the sub-
tances soluble in hot and cold water and the content of cellulose
nd holocellulose. Furthermore, component F3 explained 23.72%
f the variance based on substances soluble in 1% NaOH, content
ous groups interaction ABC.
ntent in biomass.

of lignin and substances soluble in ethanol. The third dimension –
component F2–was based on the content of hemicellulose and pH.

A biplot is an enhanced form which explains the variability of the
plots under study (Fig. 1). The plot shows the chemical parameters
as vectors whose coordinates are based on the size of factorial loads
of the components which explain the variability to the greatest
extent (F1 = 34.68% and F3 = 23.72%). A biplot also includes a pro-
jection of the plots under study on the plane made by components
F1 and F3.

A biplot analysis is based on the positions of vectors and points
of the plots relative to the vertical axis determined by dimension F1
(which divides the diagram into right and left sides) and a horizon-
tal axis F3 (which divides the diagram into its upper and lower part).
The vector’s meaning is consistent with its sign (plus or minus)
and its length is consistent with the values shown in Table 6. The
main information that can be gained from the plot is the fact that
the biomasses of the species under study differed enough to cre-
ate 3 separate sets (groups of points). Willow biomass (W)  was

characterized by the fact that, due to a high content of cellulose
and holocellulose, it contained little lignin or substances soluble in
ethanol or in 1% NaOH. In general, black locust (BL) contained the
greatest amount of substances soluble in hot and cold water, and
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Table  6
Original (raw) and rotated (Varmiax rotation) factorial loadings.

Feature Original Varimax rotation

F1 F2 F3 F1 F2 F3

Cold water −0.78 −0.18 −0.53 0.95 0.04 −0.08
Hot  water −0.82 −0.07 −0.37 0.89 0.08 0.1
Ethanol −0.67 0.36 0.19 0.42 0.28 0.61
1%  NaOH −0.75 0.12 0.59 0.34 -0.09 0.89
Celullose 0.88 −0.22 0.14 −0.78 −0.27 −0.4
Holocellose 0.72 0.58 −0.01 −0.73 0.53 −0.2
Hemicellose −0.13 0.91 −0.17 0.01 0.91 0.21
Lignin −0.19 0.5 0.74 −0.29 0.2 0.85
Pentosans 0.65 0.37 −0.32 −0.48 0.45 −0.48
pH  0.15 −0.76 0.42 −0.17 −0.86 0.03

Eigenvalue (�i) 4.06 2.35 1.69 3.47 2.27 2.37
Percentage of explained variance 40.64 23.54 16.89 34.68 22.66 23.72

Italics indicate significant coefficients.
Significant at P < 0.05.

F
f

t
t

u
t
s
f
S
w
w
3
a
p
t
g
w
u
l
i
e

ig. 1. Biplot. BL-Black Locust, P-Poplar W-willow, C-control, L-lignin, F-mineral
ertilization, M-mycorrhiza; 3-year harvest cycle, 4-year harvest cycle.

he biomass of poplar (P) contained the largest amount of lignin and
he highest content of substances soluble in 1% NaOH and ethanol.

The chemical composition of biomass is one of the elements
sed to assess its practical usability. However, in a broader perspec-
ive, since one should bear in mind the practicality of obtaining the
ubstrate, it is important to assess the production output potential
or cellulose, hemicellulose or holocellulose from a unit area of an
RWC species plantation. It has been shown in this study that a
illow plantation can yield 3.6–4.2 Mg  of dry cellulose ha−1 year−1

hen lignin and mineral fertilization are used to enrich soil in a
- and 4-year harvest cycle (Fig. 2). A similar yield of cellulose,
lthough lower by about 11%, was obtained in the cultivation of
oplar and also when lignin and mineral fertilization were used
o enrich soil in 3- and 4-year harvest cycles. The second homo-
eneous group in terms of cellulose yield per unit area included
illow and poplar, harvested on control plots and with mycorrhiza

sed to enrich the soil. Furthermore, the potential yield of cellu-

ose in the cultivation of black locust was the lowest and it was
n the third homogeneous group, regardless of the method of soil
nrichment and the plant harvest cycle. The data presented in Fig. 2
show that the yield of cellulose was differentiated mainly by plant
species and partly by the method of soil enrichment, whereas the
harvest cycle was statistically insignificant.

Obviously, the potential yield of holocellulose was  higher than
that of cellulose. The significantly highest holocellulose yield was
obtained in willow cultivation on soil enriched with lignin with a
4-year harvest rotation (7.3 Mg  ha−1 year−1 d.m., Fig. 3). A similar
yield of holocellulose was  obtained in the cultivation of willow and
poplar on soil enriched with mineral fertilizers in a 3- and 4-year
harvest cycle and poplar cultivated on soil enriched with lignin in
a 4-year harvest cycle. Meanwhile, the highest potential hemicel-
lulose yield (3.7 Mg  of dry matter ha−1 year−1) was  obtained from
poplar cultivated on soil enriched with lignin in a 4-year harvest
cycle (Fig. 4). The yield of holocellulose and hemicellulose was dif-
ferentiated mainly by plant species and partly by the methods of
soil enrichment and the harvest cycle. In general, a higher yield
of those polysaccharides was obtained in a 4-year harvest cycle
compared with the 3-year cycle, but the differences were only sig-
nificant in some cases.

It must be emphasized that the yield of different polysaccha-
rides in the biomass of the SRWC under study, cultivated with
different methods of soil enrichment and harvested in different
cycles, depended greatly on the biomass yield from 1 ha. There-
fore, for example, cellulose content in biomass of willow fertilized
with lignin and harvested in a 4-year cycle was  higher by about 5.5%
points than the cellulose content in black locust biomass in a con-
trol plot or when fertilized with mineral fertilizers and harvested in
a 3-year harvest cycle (Tab. 5), whereas the yield of willow cellulose
was more than 10 times higher than from black locust (Fig. 2).

4. Discussion

The study described in this paper has shown that the chemi-
cal composition of biomass was  significantly differentiated by the
SRWC species, the method of soil enrichment and by the harvest
cycle. Of the species under study, willow was characterized by the
highest content of cellulose and holocellulose. It was also found that
the mean contents of cellulose and holocellulose in the biomasses of
black locust, poplar and willow in 3-year and 4-year harvest cycles
were higher compared with the biomasses obtained in a 2-year har-
vest cycle (Stolarski et al., 2013b). The conditions of plant growth,
which were different with respect to lignin, fertilizers or mycor-
rhize added to soil, and in the control plot, caused the content of

individual polysaccharides to differ. However, at this stage it is dif-
ficult to identify a clear trend in different species, because a high
yield of polysaccharides, e.g., cellulose, was  also obtained from con-
trol plots. There have also been literature reports suggesting that
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Fig. 2. The yield of cellulose harvested with the SRWC biomass (the error bars show the standard deviation; a, b, c,. .. homogeneous groups; BL-black locust, P-poplar
W-willow; C-control, L-lignin, F-mineral fertilization, M-mycorrhiza).
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Fig. 3. The yield of holocellulose harvested with

he chemical composition of wood biomass depends not only on
he species and cultivar, but also on such factors as a plant age, the
lant part taken for analysis, time of harvest and the conditions of

lant growth (Baeza and Freer, 2000; Rowell et al., 1997; Guidi et al.,
009; Komorowicz et al., 2009; Wróblewska et al., 2009; Stolarski
t al., 2011b, 2013a; Serapiglia et al., 2013; Carmona et al., 2015).
iomass of SRWC (the same legend as for Fig. 2).

In general, biomass obtained in shorter harvest rotations con-
tains more extractable substances which are soluble in water and
alkalis and less cellulose compared with biomass obtained in longer

harvest rotations. For example, the content of hot-water-soluble
substances in five willow cultivars decreased from 8.4 to 5.2% d.m.,
and the content of cellulose increased from 40.2 to 44.6% d.m., in a
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Fig. 4. The yield of hemicellulose (theoretical value) harv

ne-year and three-year harvest cycle, respectively (Stolarski et al.,
011b). On the other hand, the content of lignin reported in these
tudies was 24.4 and 21.8% d.m., respectively. The content of cel-
ulose in willow biomass reported in another study increased from
9.3 to 45.6% d.m., and the content of lignin decreased from 26.0 to
0.0% d.m., in a one-year and a four-year harvest cycle, respectively
Komorowicz et al., 2009). Furthermore, the content of cellulose in

 4-year harvest cycle in four willow cultivars ranged from 42.4
o 45.3% d.m., and that of lignin ranged from 19.9 to 21.1% d.m.
Stolarski et al., 2013a). In addition, poplar wood obtained in a
wo-year harvest cycle contained less cellulose (42.5% d.m.) and

ore lignin (22% d.m.) than wood obtained in a four-year rota-
ion – 51.6% d.m. and 19% d.m., respectively (Guidi et al., 2009).
ignificant differences have been shown in other studies to exist
n cellulose content (42.38–48.70% d.m.), in holocellulose content
83.32–88.29% d.m.) and in lignin content (17.69–24.84% d.m.)
etween 19 poplar clones, when biomass was obtained in a two-
ear harvest cycle (Carmona et al., 2015). Moreover, (Serapiglia
t al., 2013) found significant differences in regard to the content of
ellulose and lignin between 18 poplar clones grown in two differ-
nt types of soil conditions in a three-year harvest cycle. Cellulose
ontent in biomass obtained on silt loam soil across all the clones
veraged 42.3% and was significantly greater than cellulose con-
ent in biomass obtained on gravelly loam soil (average 41.0% dm.).
he lignin content was 22.0% d.m. and 22.3% d.m., respectively. It
as found throughout the experiment that across both sites and

enotypes, cellulose content ranged from 38.7% d.m. to 44.5% d.m.,
hereas lignin ranged from 20.9% d.m. to 24.1% d.m. On the other
and, (González-Garćia et al., 2010) reported that the cellulose con-
ent in biomass obtained in a five-year harvest rotation was  43.2%
.m., and that of lignin was 21.3% d.m. Furthermore, the content of
ellulose in biomass obtained from commercial poplar clones NM6

nd D105 after 13 years of cultivation was 39% d.m., that of hemi-
ellulose was 21% d.m, and lignin was 27% d.m. Zamora 2013. The
ontent of cellulose and lignin in biomass of black locust was found
o be 46.5 and 27.1% d.m., respectively (Pinto et al., 2005).
with the biomass of SRWC (the same legend as for Fig. 2).

An analysis of these findings shows that the potential yield of
cellulose, hemicellulose and holocellulose from 1 ha varied signifi-
cantly across SRWC species and, for willow and poplar, partly across
methods of soil enrichment and harvest cycle. Therefore, it must
be emphasized that the choice of SRWC species used as a source
of specific polysaccharides must take into account not only the
percentage content in biomass, but, most of all, the species and
soil enrichment methods must be chosen to ensure high biomass
yield per unit area. Because although differences between species
and methods of soil enrichment were significant, they ranged
from about a dozen to just over 20%, whereas differences in the
potential yield of different polysaccharides from 1 ha have been
shown to exceed 1000% in some cases (e.g., a comparison of cel-
lulose yield in willow fertilized with lignin in a 4-year harvest
rotation and black locust in a 3-year harvest rotation in a con-
trol plot or in one fertilized with mineral fertilizers). Therefore, if
differences in yield are considerable, species and methods of soil
enrichment should be chosen which ensure higher yield, which
potentially reduces the cost of production, harvest and transport of
biomass and reduces the cost of the carbohydrate in manufacturing
a specific product such as second-generation bioethanol or another
bioproduct.

It must be emphasized that from the point of view of the second-
generation bioethanol production process, the content of cellulose
and hemicellulose (the main sources of fermentable sugar) is of
the greatest importance. Therefore, SRWC species and technologies
should be sought to ensure the greatest yield of these polysac-
charides from 1 ha. Lignocellulosic biomass of forest origin (fir,
pine), classified as softwood, contains more mannose and glucose
than willow, poplar or black locust wood (classified as hardwood),
which usually contains more pentoses, such as xylose. Further-
more, hemicellulose in hardwood is acetylated to a greater extent

than softwood. The branched structure of hemicellulose makes it
more susceptible to hydrolysis than cellulose (Palmqvist and Hahn-
Hägerdal, 2000). The yield of the second-generation bioethanol
production process will also be affected by the content and type
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f lignin in biomass. This plays an important role in the initial
tages of conversion which involve hydrolysis of lignocellulosic
ass and making cellulose and hemicellulose polymers available

or further decomposition. A high content of lignin hinders the
elease of monosaccharides by hydrolysis (Zamora et al., 2013).
ompared with softwood plants, wood of SRWC contains less

ignin, which is a beneficial characteristic from the point of view
f the process. Moreover, a relatively low ash content in SRWC
iomass (1–2% d.m.) can have a beneficial effect on the process
utcome, because (Valentas et al., 2009) have shown that a high
ontent of ash in biomass has a negative impact on the ethanol pro-
uction process and, consequently, on the final product quantity.
oreover, the production process of second-generation ethanol
ay  be affected by pH of lignocellulosic material. Pre-treatment

s one of the key stages of the process. Depending on the type
f pre-treatment (physical, chemical, a combination of both), the
iomass pH may  have a positive (acidic pre-treatment and pH
elow 7, alkaline pre-treatment and pH above 7), or a negative
ffect when these relationships are reversed. The other steps of
he production process do not depend on the material pH, as it
s necessary to interfere with the pH of pre-treated material in
rder to bring the pH of the environment of enzymatic hydroly-
is to a set value, appropriate for a specific enzymatic cocktail. On
he other hand, it must be emphasized that the choice of parame-
ers of the process of conversion and treatment of material is of
ey importance for the quality of second-generation bioethanol
roduction. Depending on non-specific process conditions, it can
ield a whole range of products which inhibit enzymatic hydrol-
sis and fermentation. These compounds include organic acids,
urans and phenolic compounds (Palmqvist and Hahn-Hägerdal,
000), which can also be present among extractable and soluble
ubstances in small amounts. These compounds are known to dis-
urb the metabolism of yeast in an independent and synergistic

anner, thereby impairing fermentation and consistently limiting
thanol production when their concentration is too high (Jing et al.,
009).

Moreover, lignin, which is not desirable for the second-
eneration bioethanol production process, may  be the most
mportant component of lignocellulosic biomass for the entire
ntegrated biorefinery. The extremely rich matrix of this organic
iopolymer has interesting mechanical and thermoplastic prop-
rties and provides great opportunities to use lignin in plastic
roduction (protein-lignin blends, starch-lignin blends, PHA poly-
ydroxyalkanoates [PHA], polylactides and polyglycolides, epoxy
esin blends and many others) (Doherty et al., 2011). Lignin is a raw
aterial which, when isolated, can be hydrolyzed and yields mix-

ures of compounds with small molecular weights. When these are
eparated, they yield a wide range of substrates for further trans-
ormations – both into polymers and compounds with potential

edical and cosmetic applications. Despite the large volumes of
ignin available on the market (50 million tonnes in 2010 only 1

illion tonnes were commercially used for low-value products, the
est was burnt as a low-value fuel. Only kraft, organosolv and high-
rade lignin may  have high value application. Their global annual
roduction in 2011 was estimated at ca. 61,000 tonnes (Smolarski,
012). Therefore, low purity lignin may  also find application in soil

mprovement to enhance the plant development conditions and
heir yield.

The aim of this outline is to emphasize how important it is to
now the characteristics of feedstock and its potential yield from

 unit area in the biorefinery design process. The content of indi-
idual organic fractions in feedstock will affect process design, in

oth its technological and economic aspects García et al., 2014. The
pportunity to plan and control, to a certain extent, the composi-
ion of biomass of SRWC and the amount of feedstock to be obtained
llows for the economical design of production processes.
and Products 75 (2015) 66–75

5. Conclusion

Due to its chemical composition and a polysaccharide-yielding
potential, biomass of short rotation woody crops can be used
as feedstock for second-generation bioethanol and bioproduct
production. However, the chemical composition of biomass and
polysaccharide-yielding potential has been shown to vary between
the species, harvest cycle and methods of soil enrichment under
study. Compared with the other species, willow biomass was char-
acterized by a high content of cellulose and holocellulose and
a lower content of lignin, substances soluble in ethanol and in
1% NaOH. On the other hand, black locust contained the greatest
amount of substances soluble in hot and cold water, whereas poplar
biomass contained the largest amount of lignin and it dominated
as the species with the highest content of substances soluble in 1%
NaOH and ethanol.

It has been shown that a willow plantation can yield 3.6–4.2 Mg
of dry cellulose ha−1 year−1 when lignin and mineral fertilization
are used to enrich soil. A similar yield of cellulose, although lower
by about 11%, was obtained in the cultivation of poplar under the
same cultivation conditions as for willow. Furthermore, the poten-
tial yield of cellulose in black locust cultivation was significantly
lower, regardless of the method of soil enrichment or the plant
harvest cycle.

This study has shown that the choice of SRWC species used as
a source of polysaccharides must take into account the percentage
content in biomass and, crucially, the species and soil enrichment
methods must be carefully selected to ensure a high biomass yield
per unit area, because differences in the potential yield of individ-
ual polysaccharides per 1 ha exceeded 1000% in some cases. The
study presented in this paper needs to be continued to balance the
polysaccharide yields with the soil enrichment options to improve
the sustainability of the processes. This will be the subject of a
different publication, which will consider costs, energy intensity
and GHG emissions in the biomass production of the SRWC species
under study with different methods of soil enrichment.
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