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Biomass co-firing is recognised as a crucial technology to aid in curbing the use of fossil fuels, particularly due to
its relative ease of implementation. This article provides an introduction to biomass and its use as a fuel – aswith
any fuel, this includes its characterisation and energy conversion. Key fuel properties, both chemical and thermo-
chemical, are described. Combustion is the energy conversion technique that is focused on; the implications of
biomass co-firing are discussed along with an overview of current co-firing technology. Biomass pre-treatment
techniques are identified as a means of alleviating some of the drawbacks of co-firing, and this is the chief
focus of this paper. A comprehensive review is carried out on torrefaction and leaching, which aim to enhance
the physical/thermochemical and chemical properties of the biomass, respectively. Milling and pelletising are
also looked at. Additionally, the practical aspects of implementing biomass pre-treatment are explored, and
areas where further research work is needed are identified. The final section of the review is concerned with
CO2 avoidance, which is one of the key drivers behind adopting biomass co-firing.

© 2017 Elsevier B.V. All rights reserved.

Keywords:
Biomass
Pre-treatment
Co-firing
Torrefaction
Leaching

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288
2. Biomass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288
3. Biomass characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289

3.1. Chemical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
3.1.1. Proximate analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
3.1.2. Ultimate analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
3.1.3. Ash analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

3.2. Thermochemical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290
3.2.1. Heating/calorific value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290
3.2.2. Flame temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

4. Combustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
4.1. Drawbacks of biomass combustion/co-firing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
4.2. Biomass co-firing technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292

5. Biomass pre-treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
5.1. Leaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297

5.1.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
5.1.2. Natural leaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
5.1.3. Laboratory-based leaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298
5.1.4. Industrial-scale leaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

5.2. Torrefaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
5.2.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
5.2.2. Consequences of torrefaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

Fuel Processing Technology 159 (2017) 287–305

⁎ Corresponding author.
E-mail address: suyin.gan@nottingham.edu.my (S. Gan).

http://dx.doi.org/10.1016/j.fuproc.2017.01.029
0378-3820/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Fuel Processing Technology

j ourna l homepage: www.e lsev ie r .com/ locate / fuproc

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2017.01.029&domain=pdf
http://dx.doi.org/10.1016/j.fuproc.2017.01.029
mailto:suyin.gan@nottingham.edu.my
Journal logo
http://dx.doi.org/10.1016/j.fuproc.2017.01.029
http://www.sciencedirect.com/science/journal/03783820
www.elsevier.com/locate/fuproc


5.3. Mechanical pre-treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
5.3.1. Grinding/milling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
5.3.2. Pelletising . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301

5.4. Biological pre-treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302
5.5. Energy/cost considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302
5.6. Recommendations and further work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302

6. CO2 avoidance by co-firing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302
7. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

1. Introduction

The dual issue of greenhouse gas emissions and finite reserves has
been driving a move away from the use of fossil fuels for energy. Com-
bustion of fossil fuels is a major contributor to carbon dioxide (CO2)
emissionswhich has been linked to global warming and the ensuing cli-
mate change. The non-renewable nature of these fuels means that their
reserves would be diminished in the foreseeable future; by some pro-
jections, coal would run outwithin a century [1,2]. Biomass is becoming
an increasingly important contributor to the global energy mix, in light
of it being both relatively carbon-neutral over its life cycle and renew-
able if grown sustainably. Biomass co-firing with coal is being
recognised as a particularly attractive proposition for electricity genera-
tion since it provides an immediate and practical means of mitigating
coal usage; existing coal power plants of several hundred MW can be
used as opposed to the b100 MW capacity of contemporary biomass-
only plants [3,4].

This paper aims to review biomass as an energy source in coal co-fir-
ing and its feasibility enhancement via pre-treatment techniques. The
first two sections of the paper provide a comprehensive introduction
to biomass and its physicochemical characterisation as a fuel. Following
this is a review on current biomass co-firing technology and the difficul-
ties encountered – biomass co-firing is not without its own set of draw-
backs. These issues are primarily caused by the difference in properties
between coal and biomass. To minimise the implications thereof, vari-
ous biomass pre-treatment techniques have been investigated and im-
plemented with success. Although there are a considerable number of
studies on individual pre-treatment techniques such as torrefaction
and leaching, there is a dearth of reviews carried out on the overall
state of the art of biomass pre-treatment as a precursor to combustion
or co-firing. Among the few existing reviews are those by Kargbo et al.
and Tumuluru et al. [5,6]. The former was specific to rice straw, while
the latter covered a wider scope encompassing emissions and policy
matters as well. The major part of this paper is devoted to a more up-
to-date, detailed review on pre-treatment techniques which are appli-
cable to a wide range of biomass feedstock. Compared to that by
Tumuluru et al., the present review aims to place a particular emphasis
on torrefaction and leaching which are potentially two of the most im-
portant strategies to improve the fuel properties of biomass, and ex-
plores these two techniques in greater detail. The final section of this
paper briefly explores the viability of co-firing as a strategy to reduce
CO2 emissions, which is a key driver in favouring biomass over coal.

2. Biomass

The term “biomass” refers to a solid product which is a combination
of organic and inorganic matter. Its distinguishing characteristics are
that it is formed by life processes (biogenic) and is contemporaneous
(as opposed to fossil fuels such as coal) [7,8]. Themost crucial biological
process involved in the natural production of biomass is photosynthesis.
Photosynthesis is the process bywhich the chlorophyll pigment in plant
matter uses sunlight to convert atmospheric CO2 and water (H2O) to

produce carbohydrates. What is essentially being carried out is that
the energy in sunlight is being stored within chemical bonds in the car-
bohydrates formed. This energy can be recovered for human consump-
tion by carrying out an appropriate process on the biomass, for example
combustion. The cycle completes, and CO2 and H2O are once again pro-
duced, while the energy stored in the bonds is extracted.

As Pérez et al. describes, these carbohydrates are the basis of the bio-
mass matter, and can be classified into three main groups – cellulose,
hemicellulose and lignin (collectively termed lignocellulose) [9]. Hemi-
cellulose consists of several sugars linked to form polymer chains. Cellu-
lose is also a polymer, but consists primarily of glucose, and has a higher
averagemolecularweight than hemicellulose. Lignin has the highest av-
erage molecular weight and consist of interlinked carbon chains and
rings; it is also the most difficult to decompose into its constituents.
These three classes of carbohydrates have different physical and ther-
mochemical behaviours. Hence, depending on the relative proportions
of each class present, different biomass varieties can have a wide
range of characteristics.

Biomass can be classified into several different categories, but a typ-
ical breakdown would be:

• Woody biomass
• Herbaceous biomass
• Aquatic biomass
• Wastes – includes manure, sewage, refuse containing biological mat-
ter, etc.

The method of utilising a particular type of biomass typically de-
pends on which of the above categories it falls into. An overview of bio-
mass energy conversion options by McKendry explains the correlation
between the type of biomass and the conversion method [10,11]. The
moisture content is a primary deciding factor in choosingwhich energy
conversion process to use, and themoisture present varies greatly from
category to category. The latter two generally have the highestmoisture
content, and is more suited to biochemical methods (which do not re-
quire a dry substrate). Such methods include fermentation and anaero-
bic digestion. Anaerobic digestion is typically used for biomass with
moisture content ranging from 80% to 90% [11]. Woody biomass has
the lowestmoisture levels, while herbaceous biomass has an intermedi-
ate range. Most industrial applications have been centred about ther-
mochemical processes which utilise woody biomass and low-moisture
varieties of herbaceous biomass. These processes include combustion,
gasification and pyrolysis.

Combustion entails burning the biomass in the presence of oxygen
(O2), whereby the energy stored in the chemical bonds within the car-
bohydrate molecules is converted into heat and mechanical energy.
Temperatures exceeding 800 °C can be reached. Gasification involves
applying high temperatures (800–900 °C) in order to cause partial oxi-
dation of the biomass. This results in the evolution of a gas which can be
combusted as a fuel, or used to manufacture other chemicals such as
methanol. Pyrolysis is a non-oxidative process, where the biomass is
heated in an inert atmosphere to approximately 500 °C. The subsequent
thermochemical decomposition results in the production of solid,
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