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Abstract
Renewable energies can play an important role reversing the current fossil fuels dependence. Among these, biomass is finding
more uses consolidating itself as the energy of the future. Current trend is focused on the manufacture of new blends able to
achieve a better use of this biomass. The aim of this paper was to assess the potential as fuel of a series of blends consisting of
wheat straw and poplar wood fertilized in organic way. Different poplar clones were fertilized with two organic amendments
derived from sewage plants. Thus, the effect of clones and fertilization on the thermal behavior of the blends was studied. For this
purpose, fuel and thermogravimetric analysis as well as combustion characteristic indexes were used. Results denoted acceptable
fuel analysis values. Thermogravimetric profiles showed three mass losses related to volatiles (550 K and 650 K) and char
(700 K) liberation. The greatest mass release for blends occurred for the first stage. In particular, the blend consisting of AF8
poplar clone without fertilizer together with straw was the one that experienced this greater release. In the same way, thermal
indexes warned of better thermal behavior when fertilizer was not applied; being, again, the blend mentioned above, the one that
achieved the best indexes values. Thus, fertilization decreased the thermal performance of wheat straw–poplar wood blends.
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1 Introduction

It is a fact that the world needs to reduce the dependence on
fossil fuels through a renewable and sustainable energy sup-
ply. Renewable energies can play an important role reversing
the current situation. This is so since these cover many sources

that can help to maintain the equilibrium of different ecosys-
tems [1]. This energy, among other advantages, can help to
reduce greenhouse gas emissions, since when produced
and utilized in a sustainable way, the use of biomass for
energy offsets fossil fuel greenhouse gas emissions, rea-
son why it is known as a carbon neutral emission en-
ergy compared with fossil fuels [2]. Nevertheless, it
should not be neglected to point out that biofuels are
also associated with adverse environmental/health effects
(NOx, SOx, HCl, PM, PAH, etc.) [3–5]. Even if fossil
fuels are much worse, biofuels are not free of negative
side effects.

Biomass may be used for a wide variety of energy needs. It
can have a positive effect on degraded land by adding organic
matter to the soil (fertilization associated with crops, leaf litter,
use of ashes as fertilizer, etc.) as well as it is considered as a
way to create new employment opportunities in rural areas in
development countries contributing to the social aspect of
sustainability [6]. However, at present, generating energy
from biomass is rather expensive due to both technological
limits related to lower conversion efficiencies, and logistic
constraints [7].

Highlights
- A biofuel based on wheat straw–poplar wood blends has been elaborated
- Different poplar clones and two organic fertilizers were employed
- DTG profiles showed three stages related to volatiles and char liberation
- Organic fertilizer application worsened blends thermal behaviour
- D blend was the one that denoted the best ignition performance
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Today, energy crops are one of the most biomass sources
used. The state of the art in southern European countries jus-
tifies the study of these energy crops as local renewable ener-
gy sources (RES). With them, it could reduce the dependency
on external sources as well as the environmental impacts pro-
duced by the current mix of forms of energy production [8].
For these crops, fast-growing species are desirable. These spe-
cies have been grouped into two categories: perennial rhizo-
matous grasses (PRGs) and fast growing woody species [9]. In
this work, authors have worked with blends of both materials.
Although it is true that certain authors [10, 11] have studied
the thermal properties of straw-coal mixtures, there is no man-
uscripts related to poplar wood and wheat straw combinations.
Besides, poplar clones were fertilized with organic amend-
ment, fact that enhances the novelty of this paper.

Poplar (Populus sp.) was the woody species selected. It is
one of the forest species most widely employed in North-
western and central Europe in terms of energy production
[12, 13]. The advantages of the agricultural production of it
as a short rotation energy crop include its high ecological
interest as well as its low fertilizer doses required and com-
paratively low biomass production costs [14, 15]. In addition,
poplars have several advantages already checked [16], where-
as the main disadvantages is the high requirement for water
[17]. However, poplar could be an alternative energy crop
worthy of consideration by the agricultural sector from an
economic point of view and in terms of its compatibility with
other crops [12]. In fact, in 2010, the planted area of poplar in
Spain was 116,000 ha. Likewise, in Castilla y León, autono-
mous region in which this work was carried out, was a 65% of
the plantations of this species (75,000 ha) [18].

Related to perennial grasses, there has been increasing in-
terest in their use as energy crops in the USA and Europe since
the mid-1980s. The characteristics which make perennial
grasses attractive for biomass production are their high yield
potential, the high contents of lignin and cellulose of their
biomass and their generally anticipated positive environmen-
tal impact [19]. Authors of this paper selected wheat (Triticum
vulgare) as perennial grass. Despite the advantages denoted
by PGRs [20, 21], straw of this species is considered a waste
from the agricultural production process. The main barrier to
the growing of PRG for biomass are the high production costs
[22]. This material, however, has thermal values that canmake
its use attractive [23, 24]. This fact acquires even more value
when the high quantities of wheat grown in Spain are known.
The main cereals cultivated in this country are barley, rye,
oats, and wheat. In 2017, more than 6 million hectares were
cultivated in Spain with cereals, of which a third are associated
with wheat; being Castilla y Léon the main autonomous re-
gion producer of this cereal [25]. Knowing this data, as well as
the upward evolution of the surface and production of cereals
in Spain [26], wheat straw is a raw material that can meet the
objectives that are outlined below.

In comparison to coal, straw ignition temperatures occur at
relatively lower temperatures; the high volatile content of
straw means that a large proportion of combustion takes place
in the gas phase; correct secondary combustion air provision is
therefore essential for efficient combustion. Low ash deforma-
tion temperatures in straw also means that straw ash becomes
either sticky or molten at normal furnace operating tempera-
tures. Increasing of ash softening, slagging, particulate matter
formation, or high-temperature corrosion are some problems
derived from the use of straw in combustions. They are espe-
cially relevant in small scale combustion appliances (<
100 kW) due to a high share of straw can cause operational
problems when the combustion system is not designed prop-
erly. The furnace, boiler, and particularly the super heater re-
gions have to be specially designed to cope with these prob-
lems to minimize the risk of corrosion, passage blockage, and
tube failure [27].

With these materials, combustion of straw–poplar blends
was done. TGA (thermogravimetric analysis) has been exten-
sively used by several researchers for investigation on basic
combustion property of solid fuels [28]. In fact, non-
isothermal thermogravimetric analysis (TGA) is proved to
be one of the best methods for the study and understanding
of the kinetics and it has been extensively used at low heating
rates and temperatures up to 1173 K [29]. This analysis is also
very useful from a fundamental viewpoint, and for compari-
son between samples [30, 31].

With all, the aim of this paper was to assess the potential
like a biofuel of a new composition consisting of a poplar
wheat straw blends. In the same way, it is intended to analyze
the effect of the fertilizer/clones in the thermal performance of
the different mixtures.

2 Material and methods

2.1 Raw materials

Four different clones were employed. These clones were
called UNAL, I-214, AF-2, and AF-8. The last ones are relat-
ed to Populus × interamericana UNAL, Populus ×
euramericana I-214, Populus × euramericana AF-2, and
Populus × euramericana AF-8 respectively. The plot from
which these clones were obtained was fertilized with a
dehydrated sludge from the León (Spain) sewage treatment
plant (this treatment was called BIOSOLIDS) and with a sec-
ond treatment, name as MUD, consisting of a liquid organic
sludge from the wastewater treatment plant of a dairy industry.
Agronomic results as well as treatments composition have
been already published [32]. There are several references that
have studied the effect of the fertilization with this organic
fertilizers or similar, from a more succinct investigation with
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pine as a protagonist [33] to a detailed analysis of the effects of
this type of fertilizer on plants and soil [34].

Poplar samples were obtained from the tree branches until
achieve a quantity of 300 g of wood for each clone-treatment
combination. When sampling each tree, the branches selected
were at a distance of not less than 150 cm (to ensure that they
were not new branches).

Related to wheat straw, it was provided in bales by a local
farmer. Afterwards, it was washed and air drying to eliminate
impurities and possible sources of cross contamination. The
material had an average size of 12 cm in length and 7 mm in
diameter. It was pointed out that all straw corresponded to
Tritucum vulagre species and that there were no traces of cross
contamination.

Blends were named according to Table 1.

2.2 Treatments

The selected raw material was subjected to a series of treat-
ments to obtain an adequate size and diameter. Both samples
(poplar and straw) were dried outdoors for 72 h. Poplar
branches were chipped using a Viking® GB 370. The
resulting chips were milled with a Fritsch® P-19 mill until
get a 1-mm particle sizes. For its part, wheat straw was re-
duced in size using a rotating straw chopper Spain-Yulong®
XQJ2000. Once samples had the correct diameter, a
Servolift® laboratory blender was used to make the mixture.
This apparatus gave a final sample completely mixed and
without altering the physical and chemical properties of the
rawmaterial introduced. A straw–poplar ratio (in mass) of 80–
20 was employed. Authors have worked with this ratio (20–
80) to maximize the amount of straw without penalizing the
data of ash fusibility in the boiler. A minimum percentage of
wood is needed in previous studies in amount of straw close to
20% [35]. Furthermore, previous studies made by the same

research group concluded that it was the most suitable com-
bination. In fact, this previous results are in patenting process.
It has been already registered with the OEPM (Oficina
Española de Patentes y Marcas). Once mixed, samples were
taken for subsequent analyses. These samples were taken ac-
cording to the standard UNE-EN ISO 18135:2018.

2.3 Elemental, proximate, and calorific value analysis

Biofuel properties of straw–wood blends were determined by
elemental and proximate analysis as well as the calorific value.
While the moisture content was determined by the stove drying
method (UNE-EN ISO 18134-2:2017), the higher heating val-
ue (HHV) was measured at a constant volume employing an
adiabatic oxygen bomb calorimeter (UNE-EN 14918:2011). A
set of standardized rules were also used to obtain the rest of the
parameters. Below, there is list with this information: volatiles
(UNE-EN ISO 18123:2016); ash content (UNE-EN ISO
18122:2016); carbon, hydrogen, and nitrogen (UNE-EN ISO
16948:2015); and sulfur (UNE-EN ISO 16994:2017).

2.4 Thermogravimetric analysis (TGA)

The thermobalance is the key instrument when carrying out
the thermogravimetric analysis. In particular, a TA
Instruments® model SDT2960 thermobalance was used.
Employing this instrument, measurements can be taken of
the heat fluxes, DSC (differential scanning calorimetry), as
well as the changes of weight, TGA (thermal gravimetric anal-
ysis). All these characteristics allow an identification of exo-
thermic and endothermic stages.

To carry out thermogravimetric analysis, it is necessary to
reduce even more the diameter of the samples. Therefore, a
Retch®MM200 ball mill was used for this task.With it, particle
sizes around 125 μm were obtained. Milled samples weighing
around 7 mg were placed in a pottery crucible and heated
10 K min−1 from ambient to 1000 K. This heating was carried
out under an air flow of 100 ml min−1 (at a gauge pressure of
1 atm) to carry out the combustion process. Then, derivative
thermogravimetric curves (burning profiles) were obtained.

2.5 Combustion characteristic indexes (CCI)

These indexes are another tool to predict in a fast way the
quality of certain material as biofuel. Other authors [11,
36–39] have already verified the reliability of these CCI.
The indexes calculated in this research work were the follow-
ing ones:

2.5.1 Ignition temperature (Te) and ignition index (Di)

The ignition temperature (Te) is defined as follows [36]. The
protocol followed to estimate this parameter appeared in [40].

Table 1 Samples identification. This table denotes the nomenclature for
the blends (poplar clones + straw)

Poplar clone Fertilization Samples ID

UNAL No fertilization (control) A

I-214 No fertilization (control) B

AF-2 No fertilization (control) C

AF-8 No fertilization (control) D

UNAL Biosolids E

I-214 Biosolids F

AF-2 Biosolids G

AF-8 Biosolids H

UNAL Mud I

I-214 Mud J

AF-2 Mud K

AF-8 Mud L
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Meanwhile, the ignition index (Di) represents the ignition ca-
pacity of a fuel so that, the higher the Di, the easier the fuel
ignition occurs. This index was determined by the following
equation [41]:

Di ¼
dw dt−1
� �

max

tp � te ð1Þ

where (dw dt−1)max is the maximum combustion rate
(%min−1), tp is the time (min) at which the largest peak occurs,
and te is the ignition time (min).

2.5.2 Devolatilization index (D)

This parameter, related to the release of volatiles during com-
bustion, was estimated through this expression:

D ¼ dw dt−1
� �

max

Tmax � ΔT ð2Þ

Tmax is the temperature at which DTGmax is achieved (K),
ΔT is the difference between Tmax and Te (K).

2.5.3 Combustion characteristic index (S)

This index represents the energy required to burn a fuel [42].
The S was calculated according to:

S ¼ dw dt−1
� �

max � dw dt−1
� �

mean

T e
2 � T f

ð3Þ

where (dw dt−1)mean is the average combustion, Te is the igni-
tion temperature (K) and Tf is the burnout temperature (K).

This index, also called combustion characteristic factor
(CCF), is the most used to compare the fuel capacity of dif-
ferent materials.

3 Results and discussion

3.1 Chemical analysis and properties of selected
straw–wood blends

Fuel analysis is shown in Table 2. Apart from the results of the
blends, properties of wheat straw are in the same table. If
readers want to see the values for poplar wood raw material,
they are published in [32].

During combustion, high values of carbon and hydrogen are
desirable. In addition, high content in sulfur and chlorine are
not advisable. A high content in sulfur can originates SOx dur-
ing the combustion and high chlorine values are probably re-
lated with fouling problems; not in vain, certain current studies
are intended to eliminate these problems that occur in boilers
[43]. Furthermore, moisture, ash, and volatile matter (VM)

content values are relevant. While moisture and ash content is
detrimental (the more water more energy is consumed in evap-
orating it, and ashes are inert material that does not provide
energy), volatile matter facilitates combustion. Finally, yet im-
portantly, values of higher heating value (HHV) are a fast way
to know the thermal behavior of the samples. HHV is related to
the heat released once a material is combusted.

Analyzing, jointly, the results obtained, the first informa-
tion to be highlighted is that there is a homogeneity within the
blends. Nonetheless, some nuances are detailed.

In isolation, wheat straw has a slightly higher carbon con-
tent comparing it with the same raw material than other au-
thors [37, 44]. With the same references as point of compari-
son, the raw employed in this work has a lower sulfur and
chlorine content. This fact is especially important when they
are used to make the blends, since the problems associated
with these two elements will be minimized. Volatile matter
as well as HHVare, probably, the most important parameters
to characterize a material as a fuel. Straw employed in this
work as a HHV higher than the same raw material data used
in other investigation researches [11, 45]. Thus, the values of
this parameter are superior to those of biomass sources that
have been regularly employed, such as corn, rape straw [46],
or sugar cane [47] among others. Not in vain values are so
close to lignocellulosic biomass [48, 49]. Wheat straw volatile
matter (75.6%) are in the line with other references [50]. Ash
content (4.43%) is higher compared with wood biomass [51].
The values associated with this straw make it an optimal feed-
stock to proceed with mixing with wood biomass. According
to the fuel analysis values, the biomass residue.

As blends are concerned, analysis had a list of changes
comparing it with raw material (wheat straw and poplar
[32]). Addition of straw increased the ash content and reduced
the average values of VM and HHV. This decrease in HHV is
less than 1 MJ kg−1 with respect to wood. Therefore, with the
addition of this straw, the energy potential of the wood has
been slightly decreased. Not in vain, with these average values
of 19MJ kg−1, values are still far from conventional fuels [45],
they are very close to wood with a higher lignin content, like
pine [52] or eucalyptus [53] and, even, similar to densified
material [54]. Besides, if we compare our samples with coal
blends [11], better fuel analysis is observed. This may be,
probably, to a better quality of the straw employed and above
all, to the use of a raw straw material with higher HHV.

To finish with the interpretation of the results of this anal-
ysis, it is necessary to emphasize that the moisture content is
acceptable [55] to advise a densification of the samples. If the
HHV results are compared with pellets, it is appreciated how
these are in line with wood pellet [51] or even higher than
those denoted by other pellet from biomass residues [56].
However, if a densification (like pelletization) was done with
the blends here presented, water would be needed in order to
guarantee the process.
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3.2 Thermal properties of blends

Wheat straw DTG profile is represented in Fig. 1. In the same
way, DTG curves related to blends combustion are depicted in
Figs. 2, 3, and 4. The profiles associated poplar wood com-
bustion can be seen in [32].

Without considering the mass loss during the dewatering
process (350 K), the DTG curves related to blends showed
three mass losses or peaks clearly differentiated (550, 650, and
700 K). The most relevant characteristics of these peaks ap-
pear in Table 3. In order to understand each stage, it is impor-
tant to knowwhat material (straw or wood) is influencing each
weight loss. For this, it is necessary to compare our profiles
with the DTG curves of the untreated material. Due to this

fact, it is so difficult to compare these document blend stages
with referenced in literature. However, weight losses listed
here are so close to those identified by other authors [48, 57]
in combustion profiles. These stages are quite far from the
other thermal process like pyrolysis [58] or gasification [59].

3.2.1 Stage 1

This stage begins at over 450 K and ends at 600 K. It is due to
straw–wood combination. Hence, weight loss in this stage is
related to the emission of volatiles from cellulose and hemi-
cellulose. Cellulose and hemicellulose that come from both
wood and straw, although straw is the one that makes the
peaks narrower and more pronounced. The release of these
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Table 2 Fuel analysis

Elemental analysis Proximate analysis Calorific value

Ca Ha Na Sa Cla Moisturea Asha Volatilesa HHV (MJ kg−1)

Wheat straw (ws) 47.10 5.72 0.75 0.07 0.07 7.5 4.43 75.6 18.61

A 47.67 5.83 0.53 0.07 0.05 6.6 4.32 77.5 19.06

B 47.09 5.77 0.69 0.07 0.05 6.7 4.74 77.4 18.80

C 47.24 5.81 0.70 0.07 0.05 6.7 4.50 76.8 18.90

D 46.96 5.77 0.64 0.06 0.10 6.2 4.86 76.9 18.75

E 47.34 5.78 0.65 0.06 0.05 7.2 4.45 77.6 18.93

F 47.50 5.76 0.77 0.07 0.05 7.2 3.21 78.1 19.00

G 47.27 5.79 0.75 0.07 0.06 6.5 4.49 77.2 18.85

H 47.42 5.77 0.70 0.07 0.05 6.5 4.08 77.6 18.91

I 47.68 5.86 0.83 0.06 0.06 6.7 2.76 79.2 19.13

J 47.34 6.07 0.79 0.07 0.06 6.5 3.55 78.7 18.95

K 47.70 5.64 0.46 0.06 0.08 6.4 4.04 77.1 19.02

L 47.31 6.02 0.74 0.07 0.09 6.7 4.25 77.7 18.92

a In percentage. All values are in dry basis except moisture

HHV high heating value
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volatiles and their ignition leading to char formation [57, 60,
61]. In many clones, except for MUD fertilization, two peaks
are appreciated. The explanation may be due to the different
nature of cellulose and hemicellulose for the case of wood and
straw. For straw, components are released before. Besides,
authors [61] have demonstrated that small amounts of vola-
tiles from lignin component may also be given off in this
stage.

The highest DTG values appears in control plot. It is worth
highlighting the D blend DTGmax value 70.96%min−1. In the
consulted references [11, 62], such a high value has not been
found. This means that practically all the mass is released in
this peak. During stages 2 (0.96%min−1) and 3
(1.257%min−1), there is practically no loss of mass
(Table 3). The G (63.06%min−1) and I (32.19%min−1) blend
values are also relevant.

With MUD fertilizer, values are lower. This is due to MUD
eliminates the effect of straw in the DTG profiles. It should be

remembered that the narrow and pronounced peaks corre-
spond to straw, since these are seen in the profile of this ma-
terial (Fig. 1) and not in the wood in isolation [32].

3.2.2 Stage 2

With a temperature range of 600–700 K, the nature of this
phase is, for most cases, exclusive of straw. A weight loss
takes place due to both devolatilization and reaction between
char and volatiles from previous stages derived from straw
[63]. The UNAL and AF2 clones experiment a more pro-
nounced peak without fertilization. In this case, an overlap
of stages 2–3 occurs at this temperature (Fig. 2). What means
that all the mass that should be released at higher temperatures
(stage 3) is released at lower values? Something, the latter,
which can be very beneficial to not have to incur a greater
energy expenditure. In the same sense, noting the DTG profile
of straw in an isolated way (Fig. 1), it can be seen how this
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peaking of the peaks has to be due to poplar content of the
mixtures since straw does not appear in this range.

3.2.3 Stage 3

This third stage (670–740 K) is associated with the char oxi-
dation. Char oxidation is related with lignin [64] and, to a
greater extent, with CaCO3 decomposition [65]. The I214
clone is the one with more homogeneity for all the treatments.
With fertilization, the thermal behavior of the clones for this
stage is quite similar; something that something that does not
remain with the control. Without fertilization, all the VM ig-
nition occurs during stage 2 for the UNAL and I214 clones.
AF8 clone without fertilization has practically no volatile

emission peak. This fact is attributed to the fact that for this
D blend practically all the mass was already released in stage
1. For the AF8 clone, there is practically no mass left to be
released at elevated temperatures. Analyzing all the profiles
(Figs. 1, 2, 3, and 4), it is seen how the application of fertilizer
(independently of which) causes the oxidation of the char for
this clone to occur at higher temperatures, something that does
not happen with the control.

The blends’ final mean values related to burnout residue
are much higher than those presented by straw alone, virtually
all straw mass (99.90%) when it is burned alone.

When comparing the results with analogous blends of other
authors, there are no blends elaborated with wood biomass
and straw, so the comparison must be carried out with

Table 3 Characteristic parameters obtained from the DTG combustion profiles

Fuel Temperature (K) Stage 1 Stage 2 Stage 3 Burnout
residue (%)

Dewatering Ignition Range
(K)

DTGmax

(%min−1)
TDTGmax
(K)

Range
(K)

DTGmax

(%min−1)
TDTGmax

(K)
Range
(K)

DTGmax

(%min−1)
TDTGmax

(K)

Wheat
straw

323 530 436–591 52.02 565.70 591–679 1.38 656.77 679–724 1.71 695.75 0.10

A 326 522 459–588 53.32 565.80 588–649 20.15 639.04 649–720 0.79 705.02 4.68

B 327 520 448–582 58.45 563.88 582–665 3.12 644.49 665–710 15.75 694.13 3.12

C 319 523 439–580 50.86 562.53 580–655 20.76 642.87 655–720 3.06 695.34 3.81

D 326 526 448–592 70.96 557.80 592–679 0.96 650.06 679–719 1.257 701.01 4.28

E 326 518 409–614 11.90 563.00 614–682 3.48 648.07 682–728 12.49 696.76 4.49

F 337 517 419–591 35.49 571.44 591.677 2.80 642.5 677–726 13.88 693.51 1.93

G 326 525 472–588 63.06 558.95 588–671 1.89 643.47 671–722 9.059 696.76 5.94

H 335 527 434–584 48.41 563.37 584–680 3.70 641.96 680–731 9.37 697.54 1.67

I 330 520 431–584 32.19 569.42 584–685 3.09 648.05 685–712 13.48 701.08 8.26

J 325 518 413–596 12.76 571.44 596–677 4.71 641.05 677–731 14.25 700.57 4.76

K 327 520 410–608 10.74 559.33 608–677 3.48 642.56 677–736 14.79 693.00 5.37

L 326 518 411–602 10.99 555.30 602–678 3.39 641.55 678–731 14.45 696.03 4.94
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materials of a similar nature. One of these materials can be the
blend of wheat straw and coal [11]. In the DTG profiles of the
coal mixtures, unlike our results, only two peaks are observed
(apart from dewatering). This is because the release of vola-
tiles, in the case of coal, occurs only in one stage (750 K). In
addition, the effect of straw is more pronounced in straw–
wood blends. Hazelnut husk-lignite coal blends are other pos-
sibility analyzed [66]. Although the range of temperatures in
which degradation of hemicellulose and cellulose matches
(about 550 K), the same is not yet true for the rest of DTG
profiles for the two blends. While with straw blends, there
were two more emission peaks (650 and 700 K), for the ha-
zelnut husk-lignite coal blends only one peak more is showed.
This second peak is up to 873 K and is mainly due to the
release of volatile matter in coal that burns slowly over the
whole temperature range together with the char.

If a comparison is made with a fossil fuel such as coal, the
differences are noticeable. While in our blends, there were
three emission peaks, in the specific case of coal shows only
one major peak over a wide temperature range (480–850 K)
that corresponds to the release of carbon-containing volatile
matter from coal [67].

DTG profiles are so similar to the curves derived from
mixed biomass pellet made from oil palm and para-rubber tree
residue [68]. Being corresponded, the temperature ranges the
typical degradation of hemicellulose (433–633 K), cellulose
(513–663 K), and lignin (453–1173 K) [69]. Authors who
have worked with coal-pone blends [70] have also identified

these three weight losses. Besides, Fitzpatrick et al. [71] stud-
ied the co-combustion of coal and pine wood in a fixed bed
combustor and they observed synergy in organics emissions
from the coal/pine blends, with lower emissions than would be
expected on an additive basis. However, it has to be consid-
ered that in fixed bed combustion, the particles are larger and
they would be close together and synergistic effects would be
therefore observed.

3.3 CCI results

Values obtained for the indexes are listed in Table 4.
The lower the Te value is, the easier the thermal degrada-

tion. Thus, low values of this parameter will be pursued. The
different stages have different average values for this param-
eter 520, 630, and 700 K for stages 1, 2, and 3 respectively. A
homogeneity in the data is noticeable. Blends’ values are very
similar to those of straw.

As regards to Di, the higher this value, the easier it will
combust a material. In view of the results, it can be seen
how the ease of ignition during the first stage is greater than
in the rest of the stages. Note that when fertilizer is applied, the
ease of ignition is greater in stage 3 than in stage 2, something
that does not happen in the absence of fertilizer. Likewise, it is
worth highlighting the magnitude of the D blend value
(0.1149%min−3). This value is, by far, the highest obtained
for this parameter, which warns us of the good ignition of

Table 4 Combustion characteristic indexes

Indexes Blends Wheat straw

A B C D E F G H I J K L

Te (K)

Stage 1 522 520 523 526 518 517 525 527 520 518 520 518 519

Stage 2 635 615 640 650 615 630 630 630 630 633 640 638 640

Stage 3 705 690 695 700 694 690 693 693 696 699 689 690 680

Di (% min−3)

Stage 1 0.0869 0.0969 0.0833 0.1149 0.0176 0.0583 0.1039 0.0775 0.0510 0.0204 0.0174 0.0183 0.0864

Stage 2 0.0173 0.0027 0.0173 0.0007 0.0030 0.0024 0.0016 0.0031 0.0025 0.0039 0.0028 0.0028 0.0011

Stage 3 0.0005 0.0099 0.0019 0.0007 0.0077 0.0087 0.0056 0.0091 0.0081 0.0085 0.0094 0.0089 0.0011

Df (% min−4)

Stage 1 0.2225 0.1397 0.2359 0.2712 0.0038 0.0987 0.1650 0.0772 0.0128 0.0158 0.0044 0.0054 0.1345

Stage 2 0.0161 0.0023 0.0340 0.0011 0.0023 0.0011 0.0008 0.0021 0.0017 0.0038 0.0023 0.0018 0.0024

Stage 3 0.0003 0.0260 0.0125 0.0009 0.0124 0.0432 0.0267 0.0224 0.0193 0.0131 0.0119 0.0134 0.0009

D (% min−1 K−2)·10−2

Stage 1 0.2152 0.1669 0.2287 0.3995 0.0470 0.1141 0.3323 0.2363 0.1144 0.0418 0.0488 0.0531 0.1969

Stage 2 0.7805 0.0164 1.1252 2.4731 0.0162 0.0349 0.0218 0.0482 0.0264 0.0912 0.2117 0.1489 0.0111

Stage 3 2.2435 0.5484 1.2969 0.1775 0.6495 0.5702 0.3458 0.4721 0.3785 1.2956 0.5335 0.3436 0.0165

S ((% min−1)2 K−3)·10−7

6.025 7.051 5.896 8.143 1.363 4.236 7.057 5.501 3.744 1.431 1.291 1.229 5.964
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the sample (something that we had already seen with the DTG
profiles).

The interpretation of Df index is analogous to the previous
one. The main difference is that this attributes greater impor-
tance to the final part of the peak and not to the ignition
temperature. The same D blend during stage 1 remains with
the highest value.

D index is related to the release of volatiles. By increasing
D, the temperature at which these volatiles are released de-
creases. Without fertilization, it is impossible to obtain certain
trend; however, with treatment, it is stage three which presents
higher values for all combinations. Something that leads us to
affirm that the release of volatiles is undertaken more easily in
this last phase. In addition, in the case of straw alone, the
values are never as high as in the blends. On the contrary, in
it, the highest values are found in the first stage, something
logical if we think that in the herbaceous biomass, the volatiles
are released at lower temperatures.

S index values are important to determine the ignition per-
formance of certain material in a fast way. If values are greater
than 2 × 10−7, it is accepted as the good general burning per-
formance of the material [38]. With this reference, it can be
affirmed that the absence of fertilization improves the thermal
behavior of the blends. The highest S value is achieved, once
again, for D blend (8.1429 × 10−7 ((%−1)2 K−3)). The applica-
tion of fertilizer decreases the values of this index, especially
with MUD treatment, with which lower values are obtained
than straw. The combination G is the only one that resembles
the values obtained during the control. Most of the values ob-
tained for S are superior, even to coal [38] or coal gange [72].
Likewise, when we compare the values obtained here with
coal-wheat straw blends [11] or others with this fossil fuel
[38], our results continue being higher. Trend that remains
when a comparison is established with other materials
employed in the literature. Material such as sludge (sewage
sludge [73] or pre dried dyeing sludge [74]) or microalgae
biomass [75]. These abnormally high values of our blends are
associated with the volatile content. There is a direct relation-
ship between the content of these elements and the value of S.

It should be mentioned that the information of these param-
eters should not be treated in isolation, but as a complement to
DTG profiles and fuel analysis.

4 Conclusions

Novel blends consisting of wheat straw and poplar wood have
been studied for biofuel purposes. Poplar wood was derived
from plots that were fertilized with organic amendment. Fuel
analysis denoted acceptable values for the blends, being these
parameters clearly influenced by wheat straw high VM con-
tent as well as HHV of this raw material. DTG combustion
blends’ profiles showed three mass losses. These three stages

were related to easy (550 K) and difficult (650 K) volatile
matter liberation together with the complete ignition of char
(700 K). MUD fertilization eliminated wheat straw effect dur-
ing the first stage. Combustion characteristic indexes warned
that fertilizer application worsened blends’ thermal behavior;
being the D blend the one that stand out from the rest. Once
analyzed the blends and known the most accurate blend, it
would be advisable to carry out a densification process
(peletization or similar) and see the viability of the same in
the market. Likewise, it is recommended to carry out a chem-
ical compositions on Ash Fusibility Characterization of future
pelleted blends.
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