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Abstract: Forest and agricultural biomass are important sources of renewable and sustainable fuel
for energy production. Their increasing consumption is mainly related to the increase in global
energy demand and fossil fuel prices but also to the limited availability of petroleum and the lower
environmental impact of these biomass compared with other non-renewable fuels. In particular,
the pellet sector has seen important developments in terms of both production and the number of
installed transformation plants. In addition, pellet production from non-woody biomass is increasing
in importance. One of the fundamental aspects for the correct and sustainable use of a biofuel is
evaluation of its quality. This is even more important when dealing with pellet production, considering
the broad spectrum of possible raw materials for pelletizing. Considering the significant number of
papers dealing with pellet quality evaluation and improvement in the last decade, this review aims to
give the reader an overall view of the most current knowledge about this large and interesting topic.
We focused on pellets of agricultural and forestry origin and analyzed papers regarding the specific
topic of pellet quality evaluation and improvement from the last five years (2016-2020). In particular,
the review findings are presented in the following order: the influence of different agro-forest
management systems on pellet quality; analysis of pellets from pure feedstocks (no blending or
binders); the influence of blending and binders on pellet quality; and the influence of pre and post
treatments. Finally, a brief discussion about actual research lacks in this topic and the possibilities
for future research are presented. It is important to underline that the present review is focused on
the influence of the biomass characteristics on pellet quality. The effects of the process parameters
(die temperature, applied pressure, holding time) on pellet features are not considered in this review,
because that is another very large topic deserving a dedicated paper.

Keywords: woody pellet; agropellet; quality; standards; blending

1. Introduction

The constant decreasing availability of fossil fuels as energy sources and the huge environmental
problems related to their use, have led to great interest in renewable energy sources [1]. One of these
interesting sources is undoubtedly biomass. The main problems related to the use of biomass for energy
production are linked to its irregular shape, low bulk density, and high moisture content which create
difficulties in handling, transport, and storage [2-6]. A recent trend to remedy the critical issues in the
use of biomass for energy purposes is densification and standardization to exploit a homogeneous
and easy-to-use solid biofuel, which is also characterized by a higher energy density [7]. Currently,
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there are various densification processes available, but the most commonly used is that of pelletization.
Biomass use in form of pellets generates a biofuel that is more cost-effective than the direct use of
non-modified biomass residues for energy production. This process, called extrusion, consists of
applying high pressure and high temperatures to semi-dry biomass pre-processed in dust, sawdust or
shavings, passing it through a hole of a few millimeters in size, and producing small cylinders that
are cut to the desired length and then cooled [8]. This process increases the bulk density of biomass,
thus reducing handling, transport, and storage costs [9-13]. The great importance of the pelletization
process for energy production is highlighted by the data from a 2019 statistical report on pellets [14],
which underlines the increasing amount of pellet production worldwide (Figure 1).
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Figure 1. Worldwide pellet production from 2013 to 2018 [14].

One of the fundamental aspects for the correct and sustainable use of a biofuel is the evaluation of
its quality. Pellet quality is affected by multiple parameters linked to both the properties of the raw
material used, for example, particle size distribution, moisture content, and chemical composition,
and to the operating conditions, like the die temperature, applied pressure, and holding time [15-17].
In addition, pellets can be produced from various feedstocks, mainly related to agricultural and forest
activities [18-21]. Considering the broad spectrum of possible raw materials for pelletizing, quality
evaluation of pellets is even more important.

In particular, of the many types of biomass, wood represents the main feedstock for pellet
production [21]. Sawdust is an ideal substrate, as it is untreated and even minor contaminants are
removed through bark removal and washing of saw logs prior to sawing [8]. However, considering the
increasing demand for wood pellets and the limited supply of sawmill residue, there has been growing
interest and exploration in the production of pellets from other processes and sources [22]. Recently,
pellets produced from forest logging residue or dedicated agroforestry plantations have been used [23].

Non-woody biomass, like agricultural residue, is one of the most important alternative feedstocks
for pelletization [8]. This kind of biomass could be of significant use thanks to the large amount
available, the low price, and the importance of agricultural waste re-use as by-products in maintaining
a green and circular economy [24]. However, in most cases, the quality of agropellets is less than that
of forest pellets, and the main disadvantages are related to the low bulk density, high ash content,
and low calorific value [25]. One possible solution is mixing woody and non-woody biomass. In fact,
using various blends generally leads to an increase in pellet quality [10].
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Moreover, in recent years, several studies have focused on improving the pellet quality, in particular
regarding durability and bulk density, through the use of organic components, for example, sewage
sludge and inorganic binders [26-28].

Another solution to improve the quality is pre-treatment of the feedstock or post-treatment of the
pellet. The main aim of pre-treatment is the structural change in biomass feedstock to make it more
suitable for pelletization. The two most well-known pre-treatments are steam explosion treatment
and torrefaction [29]. Steam pre-treatment, also known as autohydrolysis or steam explosion, consists
of exposing feedstock, firstly, to steam (typically at 140-260 °C) and then, suddenly, to atmospheric
pressure [29]. The first step leads to the hydrolysis of hemicellulose and to the activation of lignin,
while the second phase (pressure drop) causes biomass fragmentation [30,31]. This type of treatment
has been found to be particularly effective for agricultural residue and hardwood [32]. The main aim of
steam explosion is to increase mechanical strength due to the activation of inherent lignin [29]. On the
other hand, torrefaction is a thermochemical treatment which can be applied to both the feedstock
(pre-treatment) and to the already formed pellet (post-treatment) [29]. This type of treatment is
performed in an anoxic environment or under a very low oxygen content (<6 vol% O;) in a temperature
range of between 200 and 300 °C [33,34]. When applied to the feedstock, this process results, generally,
in more grindable material with a higher energy density, increased homogeneity, a higher thermal
stability, and greater hydrophobicity [29]. The main problem linked with feedstock torrefaction is
the high friction in the die channel which causes an increase in energy consumption during pellet
formation [35]. Moreover, pelletization of torrefied biomass is more difficult and the correct formation
of pellets is not always achieved [36]. In order to avoid these criticalities, this process is also used as a
post-treatment with the aim of increasing the heating value and hydrophobicity of the pellet [29].

Considering the significant number of papers dealing with pellet quality evaluation and
improvement in the last decade, this review aims to give to the reader an overall view of the
most current knowledge on this large and interesting topic. We focused on pellets of agricultural and
forestry origin and analyzed papers from the last five years (2016-2020) that investigated the specific
topic of pellet quality evaluation and improvement.

First, the methodology used to construct the review is given. Then, an overview of the pellet quality
standards classification is reported. After this, the review findings are presented and commented in the
following order: influence on pellet quality of different agro-forest management systems; analysis of
pellets from pure feedstocks (no blending or binders); the influence of blending and binders on pellet
quality; and the influence of pre and post treatments. Finally, some ideas for future research directions
were shown and some conclusions were formulated.

It is important to underline that the present review is focused on the influence of the biomass
characteristics on pellet quality. The effects of the process parameters (die temperature, applied
pressure, holding time) on pellet features are not considered in this review, because that is another
very large topic which deserves a dedicated review.

2. Materials and Methods

This bibliographical search was developed using Boolean operators and implementing a symbolic
logic system that creates relationships between concepts and words. The use of Boolean searching
to carry out a systematic review allows one to analyze all studies in a specific research field [37].
Research was performed using the databases Scopus, ISI Web of Knowledge, and Google Scholar.
The first keyword used was “pellet”, limiting the research only to the “Energy” subject area. In this
way 8364 findings were produced. Subsequently, the research was refined by limiting the findings only
to the period 2016-2020. The number of findings decreased to 2323. Then, the keyword “quality” was
used to further refine the papers. Consequently, the number of findings decreased to 626.

After this, authors performed paper selection by reading the title and abstract of each article,
and 71 articles were identified as suitable for the present review. A total of 43.66% of the analyzed
papers dealt with the use of pure feedstock for pellet production; 21.13% were about the influence of
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blending on quality; 18.31% concerned the effect of binders; 15.49% dealt with pre- or post- treatment
consequences; and only one paper (1.41%) was about the influence of agrosystem management on
pellet quality (Figure 2). Moreover, in Figure 2 an overview about the main topics of all papers dealing
with pellet quality on Scopus repository is given to the reader. As it is possible to notice, there is a good
balance among the percentage of papers dealing with forest biomass, agricultural residues, and both
these are used as feedstock for pellet production.

1963-2020

0,
1.4% Agriculture feedstocks
Forestry feedstocks

Both agriculture and forestry feedstocks

2016-2020
Management system
Pure feedstocks
Blends and binders

Pre and post treatments

Figure 2. Percentages of the various identified main topics in relation to the total number of
analyzed papers.

3. Pellet Quality Standards

International pellet quality standards were developed by the International Organization for
Standardization (ISO). In particular, standards for the use of pellets as biofuel include EN ISO 17225-1
for general quality requirements, EN ISO 17225-2 for graded wood pellets for industrial and domestic
use, and EN ISO 17225-6 for graded non-woody pellets. In the past, several European countries have
developed regulations and standards for pellet quality certification, in particular, the Austrian standard
ONORM M 7135, the Swedish standard SS 187120, the German standards DIN 51731 and DIN EN
15270, the Italian standard CTI-R04/05, and the French recommendation ITEBE [38].

ISO fuel specification standards (EN ISO 17225 series) were published in May 2014, and this series
replaced EN 14961. National standardization bodies in Europe published the EN ISO 17225 series as a
national standard at the end of November 2014 [39].

The graded wood pellet standard (EN ISO 17225-2) is related to the use of pellets for industrial
and non-industrial use. Non-industrial use means fuel intended to be used in smaller appliances, such
as in households and small commercial and public sector buildings [39]. According to this standard,
the best quality class is A1, which represents virgin woods and chemically untreated wood residue
that are low in ash and nitrogen. Pellets with a slightly higher ash content and nitrogen content are
described as A2. Finally, there is property class B. This class includes chemically treated industrial
wood by-products and residue [39]. Within ISO 17225-2, a classification of pellets for industrial use is
also reported. This classification provides three different quality classes (I1, 12, and I3), which present
slightly more restrictive requirements in comparison to classes Al, A2, and B for pellets for domestic
use. The advent of this standard at European level represented an important step for the sector,
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ensuring greater transparency on a product along the full evolution and allowing greater uniformity
with world markets.

Non-woody pellet standards (ISO 17225-6) relate to pellets made from blends and mixtures,
including herbaceous, fruit, or aquatic biomass. This standard provides two classification tables, one for
herbaceous and fruit biomass and blends and one for straw, miscanthus, and reed canary grass pellets.
In general, non-woody pellets have high ash, chlorine, nitrogen, and sulfur contents [39] as well as a
lower heating value (LHV). Consequently, their required standard is less restrictive, while considering
the achievement of lower quality levels than wood pellets, in this sense, a greater attention would be
desirable about clearly presenting qualitative differences and suggestions for use. Considering the high
dynamism of this sector, it is important that standards for solid biofuels should be continuously under
development. In particular, they should be quite strict especially in relation to the use of heterogeneous
materials. For example, the US EPA (Environmental Protection Agency) imposed detailed restrictions
on the type of fuels, including density, dimensions, inorganic fines (<1%), chlorides, ash content (<2%),
interdiction of demolition or construction waste, and trace metal concentrations less than 100 mg/kg.

4. Influence of Agro-Forest Management System on Pellet Quality

The only paper that was found to deal with the influence of different management systems on
pellet quality was that presented by Civitarese et al. [1]. In their study, a comparison of pellet quality
was reported, taking into consideration three different ways of managing dedicated plantations for
biomass production. In particular, the authors analyzed pellets from poplar plantations managed
through short rotation forestry (SRF), medium rotation forestry with a six-year rotation period (MRF6),
and medium rotation forestry with a nine-year rotation period (MRF9). The obtained results showed
that all investigated categories presented a shortfall (in relation to ISO standards) regarding bulk density.
The SRF pellets also showed problems with excessive ash content, and the durability of MRF9 was not
sufficient to reach ISO quality standards. For the other investigated parameters, for example the lower
heating value (LHV) or heavy metal content, all materials reached the A1 class standard according to
EN ISO 17225-2. According to the authors’ findings it seems that the best rotation cycle for poplar
SRC with reference to pellet production is a 6 year period. Those with periods of three years indeed
showed a major ash content, because of the higher percentage of bark, while 9 years material showed
higher heavy metal content, moreover it is important to underline that such a long rotation period
implies a more complex and specialized mechanization level for harvesting operation considering
the high diameter of the stems to be cut. From the findings it is clear that the management system
could influence pellet quality and consequently the energetic performance, for example: (i) pellet
density increases char combustion time; (ii) pellets composed of bark had up to 50% longer char
combustion time. These performances could be directly linked to changes in extractives, ash, and lignin,
characteristics that depend upon tree vigor class. Generally, low vigor trees have higher extractives,
ash, and lignin contents than the vigorous trees.

5. Pure Feedstock for Pellet Production

Before showing the main findings about the characteristics of pellet produced from new feedstocks,
it is necessary to give the reader a view of the characteristics of pellet made on existing and established
feedstocks, i.e., hardwood tree species [40]. Such information is given in Table 1, in which characteristics
of pellet from pine, spruce, and hemlock are reported. Moreover, in Table 1 the quality requirements
for wood pellet for Al, A2 and B class are also shown.
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Table 1. Characteristics of pellet produced from pine, hemlock and spruce and ISO 17225-2 standards
requirements for Al, A2, and B classes.

Bulk . o1
LHV711VI] Density Motsture Duraoblhty Ash Coontent N (%) S (%) Cl1 (%) Feedstock
kg 3 (%) (%) (%)
(kg m~3)
[41] — 603.00 8.50 98.50 Pinus spp
[42] 18.50 709.00 9.60 97.80 0.70 0.06 0.02 0.01 Pinus spp
[43] 18.13 540.90 — — — — — — Pinus spp
[44] — 680.00 8.86 — 0.78 143 0.02 0.02 Pinus spp
[45] 16.90 — 7.30 — 1.30 0.50 <0.01 — Pinus spp
[46] — — — — 0.10 — — — Picea spp
[47] 18.69 709.46 7.84 93.60 0.70 0.09 <0.01 <0.01 Picea spp
[47] 18.28 756.23 5.79 96.80 0.35 0.07 0.01 <0.001 Tsuga spp
ENISO
172252 Al >16.50 >600 <10.00 >97.50 <0.70 <0.30 <0.04 <0.02
17]21;512(22 >16.50 2600 <10.00 >97.50 <1.20 <0.50 <0.05 <0.02
ENISO
172052 B >16.50 >600 <10.00 >96.50 <2.00 <1.00 <0.05 <0.03

The production of forest residue pellets from the thinning of Mediterranean pine stands
(Pinus halepensis Mill. and Pinus pinaster Aiton), which is generally an uneconomic intervention [48],
generally showed a good quality according to ISO standards. In particular, the highest quality was
shown for pellets from larger diameter logs and debarked ones, while pellets from branches showed a
lower quality [49]. This aspect is linked to the higher percentage of bark present in branches which has
negative influence on ash content.

Another interesting raw material for pellet production is beech (Fagus sylvatica L.) wood. Pellets
produced from this species showed very good quality, reaching the Al standard for most parameters
and A2 for ash content [50]. This could be very interesting for the beech wood value chain, considering
the large number of beech forests throughout Europe and taking into consideration that the possibilities
of this forest-wood chain are currently not being completely exploited [51]. Obviously, economic
evaluations are needed to put into practice what is written above.

The major problem for other types of forest residual biomass seemed to be an excessive ash
content. Chestnut (Castanea sativa Mill.) pellets only reached the B class ISO standard [52], and the
same was observed for birch (Betula spp) sawdust [53]. An even greater ash content was shown by
willow (Salix spp), poplar (Populus spp), and scots pine (Pinus sylvestris L.) bark pellet [50].

In relation to the pellet quality from tropical wood species, Parra Artemio et al. [54] investigated
pellet samples from Albizia amara Roxb., Ebenopsis ebano (Berland.) Barneby, and Havardia pallens Benth.
The results were very interesting with good results for ash content, durability, and calorific value.
However, other tests are needed to improve the knowledge on the pellet quality of tropical woody
species considering the importance that the establishment of a pellet value chain could have for the
economy of developing countries in such areas of the world.

Another interesting type of feedstock for pellet production could be shrub wood. This is mainly
of interest for arid or semi-arid zones, where, after wildfire prevention interventions, there could be a
consistent amount of biomass from shrubby species [55].

By focusing on pellet quality from shrubby biomass, it is possible to notice the generally good
quality in terms of bulk density, durability, and LHV. Instead, the main problems are linked to the
excessive or consistent ash content as well as excess sulfur and chlorine concentrations [52,55]. The best
pellet quality was shown by Rhododendron ponticum L. and Genista cinerascens L. [52,55]. Additionally,
in this case, the major cause of the high ash content is probably linked to the high percentage of bark
present in such species as a consequence of low stem diameter. A possible solution to using such
feedstock for pellet production, thus evaluating a raw material whose disposal after forest restoration
intervention is actually a cost, could be a certain percentage of blending with softwood sawdust in
order to reduce the ash content.

The analysis of pellets from energy crops indicated a generally good quality in relation to the
ISO standard for agropellets. Aragon-Garita [56] investigated the quality of various energy crops
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in Costa Rica, in particular Gynerium sagittatum Aubl., Phyllostachys aurea Riviere, Arundo donax L.,
Pennisetum purpureum Schumach, and Sorghum bicolor L. All pellets reached the requirements of the
quality standard for LHV and almost every type, except Arundo donax L., also showed good quality in
terms of ash content. However, Pennisetum purpureum Schumach and Sorghum bicolor L. contained
excessive moisture content. The aspect of excessive moisture is a key issue for herbaceous energy
crops management and the possible solutions are, on the one hand, a well-planned supply chain which
ensures a drying period in optimal conditions, thus avoiding dry matter losses, and on the other hand
the usage of harvesting systems which allow simpler on-field drying, for example mower-conditioners
or dedicated headers. Another study highlighted the reasonably good performance of the Reed Canary
Grass (Phalaris arundinacea L.) pellet, which reached an overall quality class of B according to ISO
17225-6 [50]. Finally, the Jatropha curcas L. pellet showed good results concerning bulk density and
LHV but had a slightly excessive amount of moisture [57,58]. However, deeper investigation is needed
to assess the overall feasibility of using this feedstock for pellet production.

Considering the pellet quality from agricultural residue feedstock, the first thing that can be
observed is that it represents the topic of the majority of the investigated papers. This shows the
great importance given by scientific research to the issue of agricultural residue valorization through
densification and use as biofuels [59-62].

One of the most frequently investigated feedstocks is rice (Oryza spp.) cultivation residue [63],
particularly straw, husk, and chaff. Yang et al. [64] analyzed pellets from straw and husks and detected
excess chlorine in both types as well as excessive ash in the rice husk pellet. The same problems of an
excessive ash content, together with low durability and low LHV, were detected for rice husk pellets
by Rios-Badran et al. [65]. Regarding rice chaff, problems related to durability and an excess chlorine
content were shown [66].

Corn (Zea mays L.) residue is another feasible feedstock for pellet production. Analysis conducted
in the last five years showed a generally good quality for the pellets produced from corn cobs
(obviously considering agropellet standards as a reference) but with slightly conflicting evidence.
In fact, Djatkov [67] showed good quality in terms of durability and mechanical resistance parameters,
while Miranda [68] highlighted the presence of excess chlorine and a low durability. Corn stover seems
to be a feedstock with lower potential [67].

As a general comment to the reported above issue of pellets production from agricultural residues,
it is important to underline that it is probably almost impossible to improve the quality of pellet
produced from such feedstocks “as is” because of the intrinsic characteristics of these materials. On the
other hand, it is fundamental to value these residues considering the large amount of them and the
need for renewable energy production. Pelletization represents a valid solution to reach this aim,
since one of the main problems related to residues is the low bulk density. Scientific efforts are needed
in order to develop plants able to face the main flaws of such kinds of pellet also in the long run.
Another possible solution is, even in this case, blending with materials with higher lignin content such
as coniferous wood. Finally, a key issue could be developing and/or give major space to technologies
able to produce pellet directly on field, in order to further lower supply chain costs.

Some commonly investigated feedstocks in the reference period (2016-2020) that did not perform
well are oil palm (Elaeis spp.) residues, such empty fruit bunches, fruit mesocarps, leaves, and fronds.
All of these feedstocks showed problems linked with their ash content, durability, bulk density,
and LHV [25,69,70].

Coffee residue (spent coffee grounds and coffee husks) could be another possible suitable material
for pelletization, but more studies of this feedstock are needed. Jeguirim et al. [71] analyzed spent coffee
ground and coffee husk pellets, finding that they were high quality in terms of moisture, ash content,
and LHV. However, Park et al. [66] reported a consistent lack in quality regarding the bulk density,
durability, chlorine content, and copper content of spent coffee ground pellets. These controversial
results claim for further scientific investigation on this field, in order to better define the possibility of
using this important residue for energy production.
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Pelletization of another important agriculture residue, biomass from pruning operations, was
investigated by several authors in the reference period (2016-2020). The main problems with this type
of biomass, in particular for olive grove and vineyard pruning, are its excessive ash content and, most
of all, its excessive copper content, which is probably linked to the use of phytosanitary treatments with
copper-based products [72,73]. Apple pruning seems, instead, to be a better material for pelletization,
with an ash content and LHV that met the ISO standards; however, problems linked to a low bulk
density have been detected [74]. Regarding the issue of pellet production from pruning residues, a key
aspect to be further investigated is the economical sustainability of the supply chain, considering that
pruning collection represents a certain cost by itself [75,76], also in this case an interesting solution
could be the development of mobile technologies for pellets production at the farm, thus limiting
supply chain costs [73].

Finally, many papers published in the last 5 years have focused on the use of other alternative
residual biomass for pelletization. In order to give the reader a comprehensive view of these, Table 2
shows the main positive and negative aspects of each of these alternative feedstocks.

Table 2. Main postive and negative aspects found in the literature for relatively new feedstocks for

pellet production.
Feedstock Reference Positive Aspects Negative Aspects
Wheat straw [50] Low{er Heating Value (LHV), ash, a}l Chlorine
chemical parameters except for chlorine
Scenedesmus microalgae [68] Durability and LHV Ash, Nitrogen, Chlorine
Garden waste [77] LHV Ash, Moisture
Soybean [78] — Ash, LHV (very important shortfall)
Sugarcane bagasse [78] — Ash, LHV (very important shortfall)
Cherry stones [79] LHYV, all chemical parameters Bulk density
Fallen leaves [80] Durability Bulk density, LHV
Chamomile wastes [53] LHYV, and Ash (mostly LHV) Bulk density

As it is possible to see in Table 2, the main problems for the majority of these materials are their
ash content (microalgae, garden wastes, soybean, sugarcane bagasse) and bulk density (cherry stones,
fallen leaves and chamomile wastes); however, some of them also show a shortfall related to their LHV
(soybean, sugarcane bagasse, fallen leaves) and chlorine content (wheat straw, microalgae).

Regarding feedstocks that present shortfalls related to physicochemical variables, for example,
LHYV or ash content, it is difficult to improve these negative aspects without using binders, blending,
or pre-/post-treatments. In contrast, for feedstocks that are lacking in quality in relation to ISO standards
in terms of mechanical characteristics, it could be possible to improve these aspects by enhancing the
pelletization process, for example, by applying major pressure or a different temperature. Therefore,
it could be interesting to produce cherry stone pellets or chamomile waste under different pelletization
conditions and test whether the bulk density of the obtained material meets the quality standards.

It is interesting to note that considering raw materials mainly as "watertight compartments",
and analyzing in detail their energetic characteristics, was the first step in the production of high-quality
pellets. Initially, blending these raw materials for the production of high-quality pellets was a topic
overlooked by researchers and more developed at a technical and commercial level. Current research
developments in the sector allowed integrated analyzes aimed at the production of high-quality pellets.
The data presented in the next chapter show the important results reached transferring the results of
pure research to technical applications.

6. Effects of Blending and Binders on Pellet Quality

One of the possible solutions to improve pellet quality is co-pelletization, i.e., blending two or
more feedstocks. The general trend is to use woody materials, for example sawdust, to improve the
overall quality of pellets from alternative feedstocks [29]. An increase in the lignin content of wood is
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associated with an improvement in pellet quality, mostly regarding the heating value, bulk density,
durability, and ash content [29,81].

In recent years, co-pelletizing has been one of the most commonly investigated methods. Mixing
reed canary grass, timothy hay (Phleum pratense L.), and switchgrass (Panicum virgatum L.) with pine
and spruce sawdust resulted in good quality pellets. In particular, an increase in LHV and reduced
ash, chlorine, and nitrogen contents were detected in comparison to pure herbaceous feedstocks which
also required only 2 k] of energy for the pelletization almost as low as woody biomass [82]. Mixture of
pine and spruce sawdust with bamboo improved the ash content (lower than 8%) and bulk density
which increased from 0.54 to 0.60 g-cm~ despite the slight reduction in LHV [83]. Regarding blending
ratios, the addition of 30%-40% pine or spruce sawdust consistently improved wheat straw and maize
pellets [10,72].

Higher proportions of pine sawdust are necessary for other feedstocks. Garcia et al. [84] mixed
pine sawdust with many agricultural alternative raw materials and evaluated the quality of the obtained
pellet according to ISO standards for industrial pellets. Blends of pine sawdust with almond shell and
olive stone contents of up to 30 wt%, as well as a pine cone leaf content of up to 15 wt% produced I1
pellets. Blends of pine sawdust with coffee dregs, coffee husks, and grape pomace proportions of up to
10 wt%; blends with hazelnut shell, miscanthus, pine kernel shell, and switchgrass contents of up to
15 wt%; and blends with a pine cone leaf content of between 15 and 30 wt% generated I3 class pellets.
Classification was not possible for cocoa shells mixed with pine sawdust due to the low bulk density
of the pellets [84].

In addition to coniferous species, birch, osier, and alder wood showed good performances
following blending; specifically, they were mixed with reed canary grass to improve the LHV of the
produced pellet [85]. Less satisfactory results were reported for aspen wood [85].

Olive pruning residual biomass is another woody material that was shown to be feasible for the
improvement of pellet quality. Mixing pruning residues with 25% stage 2 olive pomace and 50% stage
3 olive pomace produced a good quality pellet. In particular, a consistent increase in durability and
a lower ash content (up to 2.4%) were shown in comparison with pellets from pure olive pomace
although the extremely high values of ash-forming elements such as Fe, Mg, and K [86].

Interesting findings were reported by Hosseinizad et al. [87] and Cui et al. [88] regarding the
blending of woody biomass with Chlorella spp. microalgae. Mixing microalgae with sawdust resulted
in a consistently lower energy requirement for the pelletization process and a substantial increase in
the mechanical characteristics of pellets.

Regarding non-woody blends, recent scientific findings have reported a generally low efficiency
in comparison to woody-non-woody blends. Wang et al. [89] reported an increase only in mechanical
characteristics by mixing wheat and rice straw, while the LHV did not improve substantially. Similar
results were presented by Lisowski et al. [90] in relation to hay and straw mixing—a mechanical
improvement without positive effects on LHV.

Binders are organic or inorganic substances that can be added, generally in a lower quantity, to
feedstock for pelletization, in order to improve the mechanical characteristics of the pellet. In addition,
binders can reduce the energy required for pelletization.

Sewage sludge is a possible binder, and scientific evidence has been reported regarding its capacity
to improve the mechanical characteristics of pellets but, on the other hand, it increases the ash content
from 4.28% to 13.01% when the fir-sludge ratio shifts from 25 to 50 wt% [91]. At the same straw-sludge
ratios, the residues increase from 15.86 to 20.04 wt%.

Abedi et al. [92,93] used lignin and proline as binders for oat (Avena sativa L.) pellets and showed
a positive effect on the LHV but a slightly negative effect on the ash content. The use of oat hull as
cobinder at the concentrations of 10% and 50%, increases the HHV of sawdust pellet by 0.8 MJ/kg [93].

Another interesting bio-oil for pelletization is apple tree pyrolysis, which has been shown to
improve the hydrophobicity of pellets. In fact, moisture content varied from 0% to 4.74% in 30 hours
test [94].
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Potato starch is another common binder that can reduce the energy needed for pellet formation;
on the other hand, it increases the moisture content and substantially decreases the LHV [95,96].
Concentrations of 10%, 20%, and 30% provided ash content of 1.45%, 1.50%, and 1.59% and calorific
value of 18.2, 18.1, and 18.0 MJ kg ™!, respectively.

The effects of paraffin, corn starch, and dolomite on the quality of wheat straw pellets were
investigated by Gageanu et al. [97,98]. They found beneficial effects of these binders on the pellet
length, surface, and shape. These additives were also beneficial for decreasing the moisture content.
The bulk density significantly increased for samples obtained using additives. LHV registered a small
decrease when paraffin and corn starch were used as additives to wheat straw pellets. The ash content
was also positively influenced by using additives.

Other binders which have been shown to increase the mechanical characteristics of pellets are
sugar beet molasses [99], Persea kurzii kosterm powder [100], carboxymethyl cellulose [101], calcium
carbonate [102], and cow dung [103]. Cashew nut shell decreases the mechanical characteristics but
increases the LHV of pellet of approximately 1 and 0.5 cal-g~! in comparison with the use of Persea
and dammar as binders, respectively. On the other hand, the use of cashew nut shells causes the
production of unpleasant smoke and tar deposits [100].

Gerhig et al. [104] tested the use of kaolin to improve the quality of pellets from willow using short
rotation coppices. Kaolin did not have a positive influence on the LHV or the ash content. Conflicting
results were reported for chemical characteristics with decreases in sulfur and chlorine but substantial
increases in Al and Pb. Moreover, CO emissions decreased, but SO, emissions were significant.

Finally, Cheng et al. [27] analyzed the use of coal tar (CTR) as binder. They reported a better
mechanical resistance and an increased LHV of 19.32, 21.35 and 21.00 M] kg_l in wheat straw pellets,
sawdust pellets and moso bamboo pellets, respectively, when 35 wt% CTR was applied. At the same
concentration, also LHV of lignite pellets increased from 13.52 (without CTR) to 18.61 MJ-kg .

Obviously, a proximate analysis is needed for a deeper evaluation of this binder.

An overall summary on the literature findings about the effects of blending or binders on pellet
quality is given in Table 3.

From Table 3, it is possible to see that the majority (71.9%) of analyses conducted in the last years
focused on only four variables (LHYV, ash content, bulk density, and durability). Table 3 also reveals that
either blending or binder addition led to an increase in mechanical characteristics in all cases. However,
the results regarding the improvement of ash content and, particularly, LHV were not always positive.

Finally, it is necessary to give some information about the impact of blending and binding
processes on pellets production costs. As found by Garcia [105] adding 20% glycerol to torrefied pine
pellet increased production cost from 142.50 to 237 EUR t~!. However, a decrease of 10%-20% of
storage and transport costs was detected, and this aspect is very interesting mostly for industrial use of
pellet [105]. On the other hand natural blending of wooden biomass and agricultural residues seems
to be a solution with lower costs, in particular a mixture of 50% maize residues and 50% Pinus radiata
sawdust showed 42.8% lower production costs than pure pine pellet [72]. The research has reached a
high degree of improvement but now it will be necessary, in the qualification of the pellet, to consider
also parameters related to the sustainability of production, the only real way to evaluate management
systems, feedstock, and treatments in an integrated way.
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Table 3. Overall summary of the effect of blending or binders on pellet quality. Green cue balls indicate
a positive effect of the blending/binder on the variable, red cue balls indicate a negative effect on the
variable, and white cue balls represent that the variable was not investigated in the study or that no
effect was found by the authors. LHV: lower heating value; BD: bulk density; Dur: durability; Ash:
ash content; RE: energy required for pelletization; Hyd: hydrophobicity; Moi: moisture. “Analysis %”
represents the ratio between the number of papers that analyzed variable “x” and the total number
of analyses conducted on all variables in every investigated paper. “Success %" represents the ratio
between the number of papers that showed a good effect of the blend/binder on variable “x” and the
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total number of papers that analyzed variable “x”.
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7. Pre- and Post-Treatments

The last section of the present review deals with the influences of pre- and post-treatments on the
pellet quality. In this review, only one paper about steam explosion treatment influence was detected.

The mentioned above study analyzed, in detail, how steam treatment changes the biomass
structure in order to determine the parameter with the biggest influence on pellet improvement [106].
The authors found that the structural changes caused by steam treatment, such as lignin relocation,
hemicellulose hydrolysis, and size reduction, all aid in particle binding during pelletization. However,
they have different contributions. In particular, the most important effect of steam treatment is
lignin modification, while particle size distribution changes are not so important in improving the
pelletization process and pellet quality [106]. About economic aspects of steam explosion treatment
Pirraglia et al. [107] found an impact on overall production costs of 13%.

Consistently, significant attention has been given to the torrefaction process, particularly as a
pre-treatment. Feedstock torrefaction was very effective in improving pellet parameters, mostly those
linked with energetic efficiency [108] but also mechanical characteristics [109,110]. Pellets produced
from torrefied biomass were of a high quality according to ISO standards for industrial pellets when
this treatment was applied to pruning residual biomass of olives and almonds. In particular, these
pellets had an LHV that was 25%-30% higher than that of raw biomass and reached I1 or 12 classes
for size, moisture, bulk density, and heating value, but only obtained a classification of I3 for ash
content [111].

This feedstock treatment was useful for improving the quality of pellets from blended material or
from feedstock with the use of binders. Torrefied wood pine, with 20 wt.% glycerol and with 10 wt.%
grape pomace and 10 wt.% glycerol met the quality standards for industrial pellet [105].
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Less satisfactory results were shown in the reference period (2016-2020) for the use of torrefaction
as a post-treatment. Manoucherijizad et al. [112] showed this post-treatment at a temperature range
from 230 to 290 °C improved the heating value and hydrophobicity of the torrefied wood pellets as
compared with raw wood pellets. On the other hand, the hardness and durability of these pellets need
to be improved to prevent dust formation during long-distance transport and safe storage operations.

Finally, it is important to notice that several recent studies focused on the issue of torrefaction
process improvement. One possible solution is the use of ultrasonic vibration when pelletizing torrefied
biomass. Song et al. [113] found that torrefied wheat straw biomass could be densified into good
quality pellets with the assistance of ultrasonic vibration, whereas with the same pelleting pressure but
without ultrasonic vibration, good pellets could barely be made.

Another useful way to improve the performance of this pre-treatment is to use “pressurized steam
torrefaction”. Kudo et al. [114] carried out the torrefaction of hardwood at 180—250 °C in the presence
of saturated steam. This treatment considerably improved the pelletability of biomass, producing
pellets with a tensile strength 5.2 times higher than that of the original biomass. This improvement in
pelletability was comparable to that of wet torrefaction (process in compressed water). Meanwhile,
pressurized steam torrefaction showed higher energy densification than wet process [114].

An interesting approach which was shown to be a feasible way to improve the quality of pellets
produced from feedstocks affected by an excessive ash content is the combination of water leaching
and torrefaction.

In 2019, Gong et al. [115] applied a first step of water leaching on empty fruit bunches from oil
palm, rice straws, and sugarcane bagasse. Subsequently, torrefaction was performed at 200 °C for
5 min. Leaching allowed the removal of the majority of ash and also practically reduced the chlorine
and potassium concentrations. After this treatment, heating values increased by 4.42% in the empty
fruit bunches, 4.68% in the rice straw, and 5.30% in the sugarcane bagasse [115].

The last method to improve the efficiency of this process, among those investigated by scientific
research in the last five years, is the application of binders to biomass before torrefaction and pelletization.
According to Rejdak et al. [116], a very good performance was shown when modified wheat starch was
used as a binder, which resulted in improvements in the mechanical characteristics of torrefied pellets.
The same author found that a blend of natural wheat starch, molasses, and sodium lignosulfonate
resulted in a pellet with good efficiency with slightly lower mechanical characteristics in comparison
to one produced with modified wheat starch [116].

Focusing on the economic assessment of the torrefaction process of densified biomass, literature
findings reported that the torrefaction process increases the production cost by about 10%. Pellet
production costs indeed 47-64 EUR t~! using sawdust as feedstock [117] and the price rises to 88-160
or 50-70 EUR t~! starting from forest residues [118-121]; while prices for torrefied pellet production
are in the range of 136—169 EUR t~! [122-124]. On the other hand, it is important to underline that
cost per energy unit of torrefied pellet can be lower than “normal” pellet’s one. Indeed Yun et al. [125]
reported a price ranging from 14.10 to 17.05 EUR GJ~! for not treated pellet’'s production, while
11.87-13.71 EUR GJ ! for torrefied pellet. In particular, the torrefied process with the best economic
performance resulted to be torrefaction before grinding.

Considering what showed in this chapter, the two main (pre or post) treatments that currently
seem to produce real quality improvements are the steam explosion system and torrefaction. Assessing
the data reported in the cited researches, starting with the same qualitative characteristics of the pellet
produced, in terms of sustainability, torrefaction is the most effective treatment. However, doubts
remain about the real scale production chains that could be activated with these treatment methods
and their efficacy and sustainability in comparison with traditional pelletization.

8. Some Ideas for Future Research Directions

When it comes to be consistent with a range of qualitative aspects related to pellet, the quality of
starting material is crucial to the final characteristics of the product. Therefore, minimum standards of
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quality are strongly required in order to provide the market with a reliable product. Unfortunately,
this threshold might not be met in future because of the ongoing changes in the field of renewable
energy. In fact, according to the most recent regulations set by the European policy making (cit RED2),
the contribution of agricultural residues to the production of bioenergy will be enhanced, so the use of
non-woody biomass could be more and more relevant. Therefore, the future scenario of pelletization
may change alongside the different kind of biomass available, thus a better understanding about the
effects of using blends and binders to enhance the quality of pellet is fundamental. However, the whole
binding mechanisms involved in the process result wide and difficult to be comprehended and properly
managed. So far, very few efforts have been dedicated for the investigation of relationship between
particle binding and pellet quality, which represents a gap in the literature demanding for study.

Remaining focused on the initial theme, there is a necessity to develop new mathematical models
to assess the performance of pellets under different operating conditions. Currently, researchers found
significant prediction model equations, but they are not dimensionally homogenous and cannot be
generalized and used for further new materials or the production of new shapes of pellets. In line
with this, proposing new significant empirical equations that describe any property of the pellet as a
function of other features is an essential issue for pellets production improvement, especially if related
to the original feedstock. This could be achieved by predicting functional relationships between the
different physical and mechanical characteristics of pellets and the original raw materials, on the basis
of the regression analysis of the experimental data.

Another emergent topic in tune with the relation between the pellet quality and its raw origin
concerns the necessity to understand the influence of the diverse biomass feedstocks, mixed biomass
with non-biodegradable wastes such as plastic, pre-treatment methods and the interaction of process
parameters on the fuel pellet quality. Considering the potential markets of "biomass" as a substituent
to wood and fossil fuels, future researches should be addressed to the assessment of fuel pellets quality
and environmental impacts due to its production and use.

In accordance with this last point, and consistent with the other treated issues and concerns about
biomass for energy use, the research should try to broaden the analyzes, increasingly focusing at life
cycle scale, with the aim to include all the sustainability pillars as much as possible. This is one of the
main objectives and challenges for researchers, called upon to clarify and understand how to approach
to the stakeholders involved in the fuel biomass supply chain worldwide.

As highlighted in the other chapters, it would be considered useful and appropriate in the pellet
qualification to add some indicators or indices linked to the sustainability of production, parameters
that more and more often could make the difference to guide the choice of the global market or of the
individual consumer.

Another aspect related to pellet qualification is a proper mechanical characterization. Studies on
the compressive mechanical strength of pellets, and how this relates to bioenergy storage, transport,
and related processes, are necessary. Low mechanical characteristics can affect pellet integrity
during transport and handling, this could be key in ensuring a standardized product for processing.
This minimizes transport costs and reduces the risk of fires through dust explosions.

9. Conclusions

This review focused on the most recent (2016-2020) scientific contributions regarding wood or
agropellet quality. Only a few cases referred to papers published before 2016. The issue of good quality
is fundamental for every biofuel and is probably even more important for pellets because of the large
number of different possible feedstocks for pelletization.

It is possible to summarize the main findings of this review as follows:

1.  Very few studies have investigated the relationship between different agroforest management
systems and the quality of obtained pellets. This could be interesting focus for future research to
give a better understanding of this topic.
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2. Asreported in many other studies, including the most recent ones, wood pellets have a higher
quality than agropellets, particularly in terms of their bulk density, ash content, heating value,
and chemical composition.

3. However, agropellets are an interesting way to valorize agricultural waste—mostly for
industrial use.

4.  Blending and using binders are possible methods to improve pellet quality, but their use must be
evaluated on a case-by-case basis.

5. There have been very interesting findings regarding the blending of woody biomass and
microalgae, showing a consistent improvement in pellet quality.

6.  Torrefaction seems to be the most investigated treatment to improve pellet quality, and recent
studies tried to further improve such processes (ultrasonic torrefaction, pressurized steam
torrefaction).
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