',\' frontiers

in Energy Research

MINI REVIEW
published: 16 April 2020
doi: 10.3389/fenrg.2020.00058

OPEN ACCESS

Edited by:
Richen Lin,
University College Cork, Ireland

Reviewed by:

Xiangpeng Gao,

Murdoch University, Australia
Shinji Kudo,

Kyushu University, Japan

*Correspondence:

Bing Song
bing.song@scionresearch.com
Peter Hall
peter.hall@scionresearch.com

Specialty section:

This article was submitted to
Bioenergy and Biofuels,

a section of the journal
Frontiers in Energy Research

Received: 01 March 2020
Accepted: 25 March 2020
Published: 16 April 2020

Citation:

Song B and Hall P (2020)
Densification of Biomass and Waste
Plastic Blends as a Solid Fuel:
Hazards, Advantages, and
Perspectives. Front. Energy Res. 8:58.
doi: 10.3389/fenrg.2020.00058

Check for
updates
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Perspectives
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Scion, Te Papa Tipu Innovation Park, Rotorua, New Zealand

This mini-review considers the densification of biomass blended with plastic wastes
as an approach for waste management and sustainable fuel production from two
perspectives; (1) We overviewed the pollutants generated during plastics combustion
and their hazards. The control of these pollutants can be achieved as both reported
in literature and by currently in-service municipal waste plants. (2) Advantages from
densifying biomass/plastic blends as a solid fuel are indicated. Biomass/plastic briquettes
or pellets are a potentially promising solid fuel with low costs, high volumetric heating
values, high resistance to mechanical damage, and good durability performance under
humid conditions. Moreover, the combustion of biomass/plastic blends with <10%
plastics has no substantial negative effect on pollutants emission compared with that of
biomass. Perspectives on densifying biomass/plastic blends as a solid fuel are proposed
to realize the scale-up of this technique.
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INTRODUCTION

The cascading use of biomass to achieve a circular bioeconomy has been considered as a sustainable
solution for an environmental friendly world (Patermann and Aguilar, 2018). Producing bioenergy
and biofuels to replace fossil fuels has been widely considered as an option of cascading biorefinery
(Gelfand et al., 2013; Guo et al., 2015; Bose et al., 2020; Ding et al., 2020). Compared with traditional
fuels such as coal, natural gas and petroleum, biomass fuel is a carbon-neutral, sustainable
alternative that has manageable pollutant emissions (Gao and Wu, 2011; Van Loo and Koppejan,
2012; Gao et al, 2017). However, the low density (e.g., ~0.6 kg/L for wood), high moisture
absorption, and comparatively low heating values of biomass (gross calorific values at 15.9-20.3
MJ/kg) limit the transportation, conversion, and combustion of biomass as solid fuels (Friedl
et al., 2005). To enhance both the volumetric density and energy density of biomass, densification
such as briquetting and pelletizing is required (Mostafa et al., 2019). Previous studies on biomass
briquetting have increased the density of densified biomass to >1.1 kg/L by optimizing the
densification pressure, temperature and moisture content (Li et al., 2015; Wongsiriamnuay and
Tippayawong, 2015; Kudo et al., 2019).

To transport, store, and use densified biomass as fuel, the resistance of biomass
briquettes or pellets to mechanical damage and durability under humid storage conditions
are of critical importance. Binders such as bentonite, starch, glycerine, and lignin
have been recommended to enhance the durability of densified biomass (Kaliyan and
Morey, 2010; Yahaya and Ibrahim, 2012; Sakkampang and Wongwuttanasatian, 2014).
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However, the use of these binders does not show significant
improvement in the energy density of biomass briquettes or
pellets, due to the low heating values of these materials. Thus,
binders with higher calorific values are suggested to be used.

Plastics are one of the major solid wastes that need to be
treated properly both for waste management to reduce their
environmental effect and for the valorisation of wastes with
high organic contents (Subramanian, 2000). There are different
chemical forms of plastic wastes (e.g., PE, PP, PVC, PA, PS, and
PET) with distinct physicochemical properties and compositions
(Table S1). Considering the superior heating values of some
plastic wastes (e.g., 41.80 and 30.90 MJ/kg for PE and PP,
respectively, compared with ~20-21 M]J/kg for sub-bituminous
thermal coal ~28 M]J/kg for bituminous coal and 19.2 MJ/kg
for oven dry softwood) (Eng et al, 2008), the combustion of
plastics is regarded as a promising way to partially replace the use
of fossil fuels; while disposal of plastics into landfills implies an
irreversible loss of valuable raw materials and energy. Moreover,
the excellent flowability, tensile strength, and hydrophobicity of
plastics suggest that they are ideal binders for biomass and coal
densification (Shenoy et al., 1983; Chang et al., 2012; Chen et al.,
2018). The co-densification of biomass and plastic wastes can be
considered as a step closer to a circular bioeconomy that can
achieve a reduction of over 80% (assuming 90% wood and 10%
plastics) of greenhouse gas emission compared with the use of
coal (Eriksson and Finnveden, 2009). Meanwhile, combusting
plastic wastes as a fuel can also achieve the rapid degradation
of these non-biodegradable polymers, rather than degradation
in the environment with long-lasting pollution (Chamas et al.,
2020).

However, the “life-threatening” pollution associated with
plastic wastes combustion has been widely considered as a
problem, which is why plastic combustion is criticized in many
areas. To address worldwide concerns about the pollution
caused by the combustion of plastic wastes and municipal solid
wastes containing plastics, thus achieving the production of
biomass/plastic solid fuel with high heating values, this mini-
review: firstly, briefly describes the pollutants generated during
plastics combustion and the corresponding techniques used for
pollution control; secondly, highlights densified biomass/plastic
blends as a sustainable solid fuel based on its advantages; and
thirdly, proposes some perspectives on future work.

POLLUTION FROM THE COMBUSTION OF
PLASTICS AND WASTES CONTAINING
PLASTICS

Major Pollutants and Their Hazards

Multiple techniques have been used to find the best use of plastic
wastes. The direct combustion of high heating value plastics
(PP, PE, PS) or solid wastes containing plastics has been widely
studied as an effective approach for waste plastic management
(Wasilewski and Siudyga, 2013). However, the combustion of
plastic generates multiple pollutants including gases, particulates
(or airborne particles), and solid residues (ash). The detailed
chemical composition of these pollutants is correlated to various

factors including the composition of plastics and combustion
conditions (e.g., temperature, air flow, and time). In general, the
following pollutants shown in Figure 1 were identified based on
the representative studies listed in Table S2.

Gases

Acid gases are some of the major gaseous pollutants generated
from the combustion of various feedstocks including coal,
gasoline, as well as plastics. Major acid gases including HCI, SO,
and even HF or HCN were previously reported as pollutants
produced from plastic combustion (Werther, 2007). Other
gaseous pollutants such as NOy (i.e., NO, NO;) and CO can also
be produced depending on the combustion conditions (Takasuga
et al., 2003; Werther, 2007). The acid gases generated from
combustion are responsible for acid rain, which causes severe
effects to soil, plants, buildings, animals, and human beings. The
gases NOy and CO are poisonous to human beings and animals,
these chemicals are also greenhouse gases, and serve as catalysts
for the degradation of ozone when transferred to the Ozone layer
(De Nevers, 2010).

Particulates

The combustion of plastics (or any organic matter) also generates
particulates with various chemical compositions and particle
sizes. The particulates, especially PM2.5 and PM10, can directly
enter the lungs of human beings and animals and cause breathing
problems (Xing et al., 2016). The emission of particles also
causes other complex problems such as reducing visibility and
severing the greenhouse effect (De Nevers, 2010; Feng et al.,
2018). Moreover, particulates contaminated with toxic chemicals
produced during plastic combustion can raise further concerns.

Toxins

The generation of various toxins (TableS2) from plastics
combustion is one of the major reasons that the combustion of
plastics is banned in many areas. These chemicals are recalcitrant,
toxic and unbiodegradable (Yasuhara et al., 2005). Many hazards
are associated with toxins generated during plastics combustion.
For instance, volatiles from polystyrene (PS) combustion are
harmful to the central nervous system. Open-air burning of PS
leads to severe health risks such as heart diseases, aggravates
respiratory ailments such as asthma and emphysema, and causes
rashes, nausea or headaches, damages the nervous system,
kidney or liver, and the reproductive and development system.
Dioxins settle on crops and in our waterways where they
eventually enter our food-chain and get into human body.
Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated
dibenzofurans (PCDFs) are also common toxins generated from
plastic combustion. These chemicals can go into the human body
via the food-chain or by inhalation, thus causing various diseases
(Valavanidis et al., 2008; Verma et al., 2016).

Moreover, because of the widely use of metal-containing
additives during the production of plastic products, there are also
risks of producing metal pollutants (Dimitrakakis et al., 2009).
Metal pollutants, in particulates or fly ash (e.g., Cd, Pb, and Cu),
gases (e.g., Hg), and solid residues (ash and clinker), are also
produced during the combustion of plastic wastes (Dimitrakakis

Frontiers in Energy Research | www.frontiersin.org

April 2020 | Volume 8 | Article 58


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Song and Hall

From Waste to Solid Fuels

”

Combustion

B e

cRErEY

PCBs

HBCDs

PBDEs

polybrominated diphenyl ethers.

= Volatile metals PCDDs *
= HCl, S0,, NO, PCDFs
* Toxins PAHs
u Other VOCs PCPs

FIGURE 1 | Major pollutants generated during the incineration of waste plastics. Chemicals and abbreviations: PCDDs, Polycholorinated dibenzo-p-dioxins; PCDFs,
Dibenzofurans; PAHs, Polycyclic aromatic hydrocarbons; PCPs, Pentachlorophenols; PCBs, Polychlorobenzenes; HBCDs, hexabromocyclodedecanes; PBDEs,

et al,, 2009). These metals mainly exist in the solid residue in
the form of water-soluble salts (~40%), which are not allowed
to go to direct disposal (Forsgren, 2019) in land fill because the
leaching of these salts pollutes the underground water. Mono-
filling and separate management of the ash generated during
municipal solid wastes (MSW) combustion is required (Forsgren,
2019). The hazards of these metals and corresponding salts are
correlated to the specific chemical compositions. For instance,
heavy metals present in wastes can be volatilized during the
combustion process, and then condense in flue gas cooling
processes to form sub-micrometer metal particulates with the size
ranging from 0.5 to 10 nm. If inhaled, these metal particles can
cause significant respiratory problems (Chen and Yang, 1998).

Techniques Applied for Controlling
Pollutants During the Combustion of

Plastics and Wastes Containing Plastics

The combustion of plastics produces pollutants in various ways,
but there are also opportunities to incinerate them under
the conditions where negligible pollution is caused. There are
emission regulations which refer to the air quality standards of
various countries and areas. The revised National Environmental
standards for Air Quality (2004) of New Zealand has given
details of the emission standards of particulates, gases and volatile
organic carbons (VOCs). More detailed emission limits for toxins
can refer to the EU waste gas emission standards, where detailed
chemicals including metals, gases, and toxins are listed (Werther,
2007; Broadbent et al., 2010). In general, the environmental and
health effects of plastic combustion should not be exaggerated,

given that the emissions from the process can be controlled to
lower than the prescribed levels in the environmental standards.

Some of the techniques for controlling the emissions from
plastic combustion are described in TableS3. As shown,
it is possible to control the emission of pollutants during
plastic combustion with appropriate controlling techniques.
Precipitation methods including gravitational precipitation,
filtration, cyclone, electrostatic precipitators (ESPs) and
filters/baghouses are highlighted as methods to suppress
the emission of particulates because these techniques are
widely used and suitable for combustion derived emissions
(MacKenna and Turner, 1989; De Nevers, 2010). Absorption
with porous materials is widely used in industry for the control
of dioxins from sources with high gas flows (Andersson and
Lindgren, 2006; Liu et al., 2014). Catalytic combustion is
recommended to minimize the emission of various organic
toxins, because these chemicals are poisonous and most of
them have recalcitrant structures and cannot be decomposed
under moderate conditions. Therefore, it would be better to
eliminate or minimize their formation during the combustion
process (Zhao and Wang, 2018). In-situ combustion under
on-site temperatures with high efficiencies is desirable and can
be achieved with the use of appropriate catalysts (Wang and
Zhao, 2016). Moreover, gaseous pollutants such as acids SO,
and NOy can be controlled via water/chemical capture methods
as these gases are highly soluble and can be easily captured
via chemical reactions under moderate conditions (Ghosh-
Dastidar et al., 1996; Gunter et al., 2000; Vosteen et al., 2005).
In addition, biological techniques such as biofilters, composting,
and anaerobic digestion are also capable of controlling various
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gaseous pollutants (VOCs) and/or organic compounds in
aqueous phases (Verma et al., 2006; Hough et al., 2010; Gopinath
et al, 2018; Wu et al., 2018). The heavy metals, generally exists
as water-soluble salts in the residue, can be recycled via chemical
precipitation (Forsgren, 2019).

With the employment of appropriate combustion techniques,
waste-to-energy  projects incinerating municipal
(containing plastics) as fuels have been widely accepted in
European countries and there are many plants distributed
in urban areas such as Vienna (Spittelau’s Incineration Plant),
Munich (WtE plant Munich North), Berlin, Greater Copenhagen,
Zurich, Amsterdam (Waste-fired Power Plant), Brescia (Bresica
WtE Plant), Barcelona (Tersa WtE Plant), and Mallorca (Son
Reus WtE plant) (Chaliki et al., 2014).

wastes

ADVANTAGES OF BIOMASS/PLASTIC
BLENDS AS A FUEL

The combustion of plastic wastes generates various pollutants
and these pollutants can be controlled via proper techniques
as discussed above. Thus, combusting biomass/plastics with a
majority amount of biomass is unlikely causing more pollutants
than the singular combustion of plastics. Previous studies
have investigated the emission of pollutants during the co-
combustion of plastics and other feedstocks such as coal, coke
and biomass, suggesting that the pollutants emission was not
enhanced compared with the combustion of singular feedstocks.
For instance, compared with the combustion of coal, the
addition of 20% plastic wastes containing municipal wastes
showed no considerable enhancement on pollutants emission
(Frankenhaeuser et al., 1994). Combustion of straw/LDPE
(90/10) pellets showed less emission of ash content compared
with that of straw pellets (Emadi et al, 2017). However,
compared with the combustion of biomass and biomass/PE, the
combustion of biomass/PET had shown more emission of PAHs
and particulates, suggesting that the choose of plastic types is of
critical importance (Tomsej et al., 2018). Current studies at least
suggest that the addition of PE at <10% is unlikely causing more
pollutant emission. Moreover, some of the previous studies have
demonstrated the advantages of using plastics as both a co-fuel
for municipal wastes and as a binder for coal or biomass. We
identify three advantages of utilizing biomass/plastic blends as a
fuel based on the recent studies listed in Table 1.

First, co-combustion of plastics and biomass is preferred to
simplify the separation of municipal waste and save process costs.
In industrial waste-to-energy plants, plastics are generally co-
incinerated with other feedstocks (mainly lignocellulosic biomass
or its derived products) (Chaliki et al, 2014). In general, the
major composition of municipal wastes are plastics (~4-23%)
and biomass derived wastes (~15-68%) such as paper and
wood. Direct co-combustion means saving the cost used for
pre-separation (Karak et al., 2012).

Second, densification of biomass/plastic blends can produce
a solid fuel with higher volumetric heating values than
lignocellulosic biomass. Many plastic wastes (e.g., LDPE, PP, PE)
have high heating values (>30 MJ/kg) as shown in Table S1,

while that of biomass is essentially lower (<20 MJ/kg). Moreover,
because of the low bulk density of both plastics and biomass,
their volumetric energy densities are not suitable for direct
combustion. In contrast, after densification of biomass with
plastics such as 10% LDPE, studies have demonstrated that the
volumetric heating values of biomass/plastic were significantly
enhanced to ~18 M]J/L, which is comparable to bituminous
coal (Simoneit et al.,, 2005; Qin et al., 2016; Wang and Zhao,
2016). Moreover, plastics have high volatile contents and low
ignition points that can promote the combustion efficiencies of
biomass/plastic blends (Sahajwalla et al., 2009).

Third, using plastics as binders enhances the durability of
biomass/plastic briquettes or pellets to both mechanical damage
and humidity. Plastics are primarily used as binders in the
coal industry. The addition of plastics in coal briquettes can
strengthen the physical durability by taking advantage of the
tensile physical properties of plastics (Massaro et al., 2014; Emadi
et al,, 2017; Tomsej et al., 2018). Recent studies on densification
of biomass/plastic indicated that densified biomass/plastic
briquettes or pellets have higher hydrophobicity and physical
strength than biomass briquettes or pellets, thus benefiting the
transportation, storage, and combustion of biomass as a solid fuel
(Bhoumick et al., 2016; Tomsej et al., 2018).

PERSPECTIVES ON PREPARING
BIOMASS/PLASTIC SOLID FUELS

Based on the above review, using plastics and biomass mixtures as
solid fuels has emerged as a promising approach for plastics waste
management and sustainable use of forestry wastes. To produce
densified biomass/plastic solid fuels, the following perspectives
are proposed.

Current coal boiler infrastructure requires fuels with
volumetric energy densities of 18-22 GJ per m3. This
limits the use of many biomass based solid fuels in these
boilers. Densification is suggested as a means to convert
biomass/plastic into briquettes or pellets with volumetric
energy density comparable to coal, because both biomass
and plastic wastes have low volumetric density, which is not
suitable for transportation, storage and combustion as fuels.
Methodologies for densifying biomass/plastic blends should
be investigated and developed. Parameters such as the blend
ratios of biomass and plastic feedstocks, moisture content,
densification pressure, and densification temperature should
be optimized.

The selection of appropriate plastic waste types should also
be considered. Plastics such as PVC and PS should always be
excluded from combustion due to their chemical compositions
and emissions generated during combustion. Also, the high
melting points of PET (>250°C) and PS (~240°C) make
these materials less suitable for densification via briquetting
or pelletizing. Moreover, plastics such as PET have a viable
recycling route available, and these materials should be reused.
Other plastic wastes such as PP and LDPE can be used as
binders in biomass densification.
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TABLE 1 | Identical studies on solid fuels with plastics as additives or binders.

Feedstock Mixing ratio Combustion Key results References
temperature(°C)
Plastic and coal 8% of plastic added 850 High volatile waste (plastics) improved the combustion Frankenhaeuser et al.,
into peat/coal (55/45) efficiency of the mixtures; municipal wastes with 20% of 1994
plastic can be safely used as a co-fuel of coal.
Plastic, paper, and coal NA* 700 and 850 Co-combustion of coal and densified paper and plastic Boavida et al., 2003
mixtures reduced the emission of SO, and heavy metals.
Coke and plastics (PP PP and HP at 10-30% 1,200 Increase of plastic proportion enhanced the combustion Sahajwalla et al., 2009
and HDPE) efficiency; addition of plastic influenced the structure of
emitted particles.
Coal and plastic (LDPE) 5-15% of PE 1,000 LDPE addition enhanced the strength of briquettes, Massaro et al., 2014
increased the heating value, and enhanced the
combustion efficiency.
Coal and plastic NA* 1,250 Plastic with low carbon-hydrogen mass ratio decreases Liu et al., 2015
coke rate and fuel rate.
Straws and LDPE 1-10% of PE NA* 10% of LDPE addition increased the density, tensile Emadi et al., 2017
strength and heating value of pellets; while decreased
the ash content during the combustion of pellets.
PE/PET and beech 7% of PE or PET NA* Co-combustion of beech log and PET significantly Tomsej et al., 2018
logs (BL) enhanced the emission of particulates and PAHs
compared with BL and BL-PE.
LDPE, PE, PP, and Plastic wastes at NA* Solid fuels with low moisture content (<5%), high Bhoumick et al., 2016
sawdust 0-25% calorific values (9.6 MJ/kg) were prepared.
LDPE, PP, PS, and Mixed plastics at NA* Pellets with low moisture content (8.9%), high durability, Distler and Sitzmann,
torrefied wood 8-11% and high heating values (26.8 MJ/kg) were prepared; 2018

LDPE showed better binding performance than PP and
PS in wood/plastics pelletizing.

*NA means not available.

The mixing and binding mechanisms of biomass/plastic
blends during their densification should be researched in
order to optimize the mixing ratios of biomass/plastic and
improve the durability of produced briquettes or pellets to
both mechanical damage and humid condition.

Both laboratory-scale and pilot-scale combustion tests are
required to determine the emission of pollutants during the
combustion of densified biomass/plastic fuels, to identify the
optimal control techniques. Also, an overall techno-economic
assessment of densifying plastic wastes and biomass as a fuel
is required.

CONCLUSION

Pollutants will inevitably be produced during the combustion
of plastic wastes, as with any waste, and many of them
are toxic. However, given proper control techniques, the
combustion of plastics and wastes containing plastics is
viable as a way for both waste management and energy
production. Densifying biomass/plastic with certain plastics such
as polyethylene at ~10% has shown no increase in pollutant
emissions but significant improvement in the physiochemical
properties of biomass/plastic briquettes or pellets. To achieve
the use of biomass/plastic as a solid fuel, more efforts on
studying the fundamentals of biomass/plastic densification

and the combustion of densified biomass/plastic as a fuel

are encouraged.
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