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Abstract

In the light of growing concern over greenhouse gas emissions and limited fossil
fuels, the use of renewable energy sources such as biomass is becoming more vital.
Jatropha curcas seed cake, which is a waste product of biodiesel production, has been
identified as a potential candidate to be co-fired with coal in existing boilers. There is a
dearth of information on the effective utilisation of Jatropha curcas seed cake in this
manner, and this research work contributes to bridging this knowledge gap. The seed
cake received was divided into two distinct classes based on appearance and texture,
identified as type A (harder and lower oil content) and type B (the more abundant class).
As an initial step, the fundamental fuel properties of the seed cake were determined,
these include the proximate and ultimate analyses, higher heating value (HHV) and
inorganic content. The HHYV of type A and type B was 20.76 MJ/kg and 24.06 MJ/kg,
respectively; their dry ash content was 5.9% and 4.4%, respectively. K was the most
abundant inorganic element present.

The main hindrances to co-firing of a typical biomass with coal arise due to the
difference in properties of biomass and coal. Torrefaction and leaching were carried out
with the aim of bringing the thermochemical (primarily the HHV) and chemical
(inorganic content) properties, respectively, of the seed cake closer to those of coal. An
envelope of torrefaction conditions was recommended — ~250°C for 45-60 min for the
type A, and <5 min at >280°C to >45 min at 220°C-250°C for the type B. These
conditions ensured that the HHV of the type A and type B were enhanced to >24.5
MJ/kg and >27 MJ/Kg, respectively, while not compromising excessively on the energy
yield. Leaching at 20°C for <24 h was considered adequate in the case of the untorrefied
seed cake, and this resulted in a reduction of the potassium content (the most abundant
and critical inorganic element in the seed cake) by 85%. Leachability of the torrefied
biomass was markedly reduced, and leaching at least at 50°C was deemed necessary.

Combustion modelling using Ansys Fluent 14.0 was carried out to assess the
combustion and co-firing characteristics of untorrefied and torrefied Jatropha curcas
seed cake. The effect of torrefaction on the devolatilisation characteristics, flame
properties and consequently NOx pollutant formation was established. Compared to the
torrefied biomass, the untorrefied seed cake devolatilised earlier, had a more dispersed
flame and higher NO formation. The higher reactivity of the biomass was shown to have
a positive effect on the devolatilisation rate of the less reactive coal under co-firing

simulations.
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1. INTRODUCTION
1.1 Background

At present, annual global energy consumption stands at approximately 507 EJ,
with approximately 80% of this energy being derived from fossil fuels, i.e. coal, oil
and natural gas (IEA, 2015). Such a high dependency on fossil fuels for our energy

requirements represents a significant problem on a global scale.

The nature of this problem is two-fold. The combustion of fossil fuels poses
environmental risks in terms of emissions. The primary concern with emissions is with
regard to carbon dioxide (COz), a known greenhouse gas and a contributor to global
warming. CO2 levels have increased post-industrialization from 280 ppm to
approximately 400 ppm, with the rise being primarily attributed to fossil fuel use
(IPCC, 2014; NASA, 2016). Global mean temperatures have increased by 0.85°C over
the period from 1880 to 2012 (IPCC, 2014). According to various models — for
instance by Meehl et al. (2005) and the IPCC (2007) — the average global temperature
at the end of the 21% century could increase by as much as 6°C. It is well-established
that global warming at this rate would have devastating environmental, biological, and
socio-economic effects. Rising sea-levels would cause widespread destruction in low-
lying countries in terms of both human property and animal habitats. The changing
rainfall patterns resulting from the climatic changes would adversely affect agriculture.
Increasing temperatures have already been proven to reduce crop yields (Lobell &

Field, 2007; Peng et al., 2004).

The other facet of this issue is the non-renewable nature of fossil fuels. Fossil fuels
which include coal, petroleum and natural gas are formed by pre-historic biological
matter (dead organisms) being trapped under layers of rock and undergoing

compaction, hardening and chemical transformation under the effects of extreme
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temperature and pressure (Novaczek, 2000; Speight, 2005). The problem lies in the
fact that this process occurs over a geological timescale, often hundreds of millions of
years (Hubbert, 1949; Mann et al., 2003). Hence, the rate at which new deposits are
formed is negligible compared to the rate at which they are consumed, and hence fossil
fuels are considered a finite source of energy. There are varying estimates as to how
long these reserves would last. The US Energy Information Administration (EIA,
2013a; EIA, 2013b) estimates that the total global coal reserves as standing at 948,000
million short tons, while current global consumption is about 8100-8200 million short
tons per annum; at current consumption rates, coal reserves would thus be depleted in
just over 115 years. The World Energy Council (WEC, 2010) claims a coal reserves
to production ratio of 128 years. However, it should be noted that the consumption rate
of fossil fuels is continuously increasing, and this would potentially have a significant
effect on these estimates. Coal is expected to see the greatest surge in consumption,
with the WEC (2010) estimating an increase of more than 60% and the IEA (2007)
predicting one of 73%, by 2030. A model by Shafiee & Topal (2009), which attempts

to account for increasing consumption, forecasted a depletion time of 107 years.

Coal is the most abundant of the fossil fuels. Reserves of petroleum and natural
gas are predicted to be exhausted even before those of coal. According to the EIA, the
global oil reserves and consumption stand at 1360 billion barrels and 31 billion barrels
per year, respectively (EIA, 2013e; EIA, 2013f); those of natural gas are 6670 trillion
cubic feet and 119 trillion cubic feet per year, respectively (EIA, 2013c; EIA, 2013d).
At these consumption rates, petroleum reserves would last 44 years, while natural gas
would run out in 56 years. Shafiee & Topal's (2009) aforementioned model predicted
oil and natural gas to run out in 35 and 37 years, respectively. The IEA (2007)

meanwhile expects oil reserves to be sufficient only until 2030.



Thus, it is clear that there should be a decrease in our dependence on fossil fuels
as an energy source. The switch to clean and renewable sources of energy is imperative
due to the criticality of the aforementioned issues associated with traditional fossil
fuels. This is reflected in the attention given to renewable energy in policies
implemented at both national and international levels. One key piece of legislation is
the Renewable Energy Directive formulated by the European Union (EU, 2009). This
directive makes it mandatory for EU member nations to reach certain targets with
regard to the use of renewable energy, so that a minimum 20% of the entire EU’s
energy production is from renewable sources by 2020. Another more recent
development is the launching of the United Nations’ Sustainable Energy for All
initiative (UN, 2012). Among the key objectives of this initiative is doubling the share
of global energy obtained from renewable sources by 2030 (UN, 2013; United Nations
Foundation, 2013). The importance of this project lies in the fact that it has a global
outreach and aims to promote renewable energy on a global scale. Hence, its focus lies
on decreasing the dependency on fossil fuels of both developing and developed
nations, which require different strategies. In addition to these international initiatives,
policies and legislation have been introduced on a national level by various countries
as well. These include the US Clean Energy Standard Act (US Senate, 2012), the
Japanese Basic Energy Plan (Ministry of Economy Trade and Industry of Japan, 2010),

and China’s Renewable Energy Law (National People’s Congress, 2005).

By definition, renewable energy is obtained from sources which are considered to
be non-finite. Some of them — wind power, solar power, hydropower and tidal power
— do not “consume” a resource and depend on naturally-occurring phenomena.
Geothermal power taps into and technically “consumes” energy stored in the Earth’s

crust, but this energy is abundant enough to be considered non-finite. Energy derived



from biomass can be considered renewable as long as the consumed biomass is grown

sustainably and is replenished (Frey & Linke, 2002).

The electricity generation sector is rapidly adopting renewable energy sources. As
of end-2014, about 23% of electricity being produced and more than half of new

generation facilities installed that year employed renewable sources (REN21, 2015).

Biomass is one of the most important of the renewable resources, and has the
potential to become one of the key contributors towards the switch to renewable energy
in the future. Currently, biomass represents about 10% of the global energy mix. This
is a significant portion, and means that biomass trails only coal, oil and natural gas in
terms of energy share. However, a large portion (approximately 60%) of the total
global bioenergy demand is in the form of so-called traditional biomass, where the
biomass is directly combusted (usually inefficiently) for heating, cooking or industrial
purposes. However, the trend in the use of biomass for power generation has been very

positive, with capacity growing by 9% in 2014 (REN21, 2015).

One of the key drivers behind the use of biomass is that the energy conversion
technology employed is very similar to that used for fossil fuels (if the combustion
route is employed). This means that biomass combustion is a promising method of
increasing the share of renewables in the global energy mix in the short to medium
term. Other conversion techniques include thermochemical methods such as pyrolysis
and gasification, as well as the biochemical approach. However, combustion remains
the most important conversion route for the present and the near future, accounting for
a significant percentage of biomass power generation (Demirbas, 2004; Demirbas,

2006).



Biomass can be combusted by itself in power generation facilities, which are very
similar in operating principle to power plants which utilise conventional solid fossil
fuels, i.e. coal. It can also supplement coal in existing power generation facilities, and
thus avoid the high initial installation costs which can prove to be a deterrent to the
implementation of new renewable energy technology. Of these two options (pure
biomass combustion and co-firing with coal), co-firing is currently the preferable
method. Compared to combusting biomass as a single fuel, co-firing biomass with coal
reduces the impact on the power plant’s operation by seasonal changes in availability
of biomass. Also, dedicated biomass plants are typically in the range of 20 MW to 100
MW and have high capital costs, whereas conversion of existing conventional coal
power plants to co-firing plants incurs a lower capital cost and also provides capacity
of several hundred MW (Bakis, 2007; Chum et al., 2011; Hein & Bemtgen, 1998).
More than 200 co-firing plants are known to be in operation globally, with the majority
of them in Northern Europe and the United States, followed by Asia and Australia

(IEA-ETSAP & IRENA, 2013).

The feedstock of interest in this project is Jatropha curcas. Jatropha curcas is
garnering increasing attention as a source of bioenergy. Also known as Physic or
Barbados nut, Jatropha curcas is a species of shrub which belongs to the genus
Euphorbiacea. There are several attributes of the plant that makes it attractive as a
source of bioenergy. It is resistant to droughts, and thrives in Central and South
America, South East Asia, India and Africa. It is well adapted to the arid conditions in
some of these areas (Gubitz et al., 1999). Another important characteristic of Jatropha
is its toxicity (which makes it non-edible) — this ensures that the energy industry does

not have to compete with the food industry over the plant’s bioresources, as is the case



with other bioenergy sources such as palm oil and sugar cane (Wever et al., 2012).

This in turn improves the economic viability of using the products from Jatropha.

Currently, most research in this particular area focuses on the extraction of oil from
the Jatropha seed. The oil can be used directly in certain diesel engines, or it can be
processed into conventional biodiesel (Sricharoenchaikul & Atong, 2009).
Unprocessed Jatropha oil has seen successful use in diesel engine trials, and has shown
low exhaust emissions compared to fuel-oil obtained from other vegetation sources,
and has also shown favourable power outputs and fuel consumption figures when
compared to conventional diesel. For use in higher-speed diesel engines (for instance,
those used in road vehicles), the oil has to be transesterified by using methanol or
ethanol (Glbitz et al., 1999). However, the yield of fuel oil is only about 18% by mass
of the dry Jatropha fruit. Hence, during the production of oil/diesel from Jatropha, a
considerable amount of biomass is discarded as waste, and there is the potential to
extract energy from this waste seed cake as well via other means. This would maximise
the usage of the Jatropha fruit, and could possibly double or triple the total energy
yield from the fruit (Singh et al., 2008). Investigating the feasibility of co-firing the

Jatropha curcas seed cake is thus a worthy avenue of research.



1.2 Aim and objectives

There is currently a dearth of information on the potential use of the Jatropha
curcas seed cake as a fuel. The aim of this project is to investigate the effective
utilization of Jatropha seed cake as a solid fuel to be co-fired with coal, for instance
in pulverised fuel boilers. This would involve characterization of the fuel, exploring
the use of torrefaction and leaching pre-treatments to make it suitable for co-firing,

and assessing the combustion behaviour of the seed cake.
The specific objectives of this work are as follows:
1. Determine the fundamental fuel properties of Jatropha curcas seed cake.

2. Investigate the relative effects of varying torrefaction temperature and holding
time on the fundamental fuel properties of Jatropha curcas seed cake and develop a

set of recommended guidelines for the torrefaction of Jatropha curcas seed cake.

3. Investigate the underlying chemical/structural changes occurring in Jatropha

curcas seed cake during the torrefaction process.

4. Identify the most significant factors affecting the leaching efficacy of Jatropha
curcas seed cake and develop a set of recommended guidelines for the leaching of

Jatropha curcas seed cake.

5. Conduct combustion modelling to assess the combustion and co-firing

characteristics of untorrefied and torrefied Jatropha curcas seed cake.



1.3 Thesis structure

This thesis is composed of eight chapters, as follows:

Chapter 1 provides a background to the problem and the key drivers behind this
research work. The main aim as well as the specific objectives of the work are defined.

Chapter 2 is a literature review, which begins with a comprehensive introduction
to biomass and its characterisation, and the state of co-firing technology. Following
this is a detailed review of contemporary biomass pre-treatment techniques. The
existing literature with regard to modelling of biomass combustion and co-firing is
then reviewed. Finally, the state of research concerning Jatropha curcas is presented.

Chapter 3 outlines the experimental methodology followed. The Jatropha curcas
seed cake used as well as the experimental methods and equipment are detailed here.
These include the torrefaction and leaching procedures as well as the characterisation
and combustion testing techniques.

Chapter 4 presents the fundamental characterisation results of the Jatropha curcas
seed cake used.

Chapters 5 and 6 present the experimental design and the results from the
torrefaction and leaching studies, respectively. In each case, the practical implications
of the results are discussed and guidelines are recommended.

Chapter 7 encompasses the combustion modelling study. This includes the
methodology followed and the sub-models used, followed by a validation of the model
using experimental data from the combustion testing. The results from the model are
then discussed, and their reliability and implications assessed.

Chapter 8 discusses the overall conclusions from the work and makes

recommendations for future work.



2 LITERATURE REVIEW

2.1 Introduction

This chapter begins with 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 difficulties encountered — biomass co-firing is
not without its own set of drawbacks. These issues are primarily caused by the
difference in properties between coal and biomass. To minimise the implications
thereof, various biomass pre-treatment techniques have been investigated and
implemented with success. The major part of this chapter is devoted to a detailed
review on pre-treatment techniques which are applicable to a wide range of biomass
feedstock. A particular emphasis is placed on torrefaction and leaching which are
potentially two of the most important strategies to improve the fuel properties of
biomass, and explores these two techniques in greater detail. The final section of this
chapter reviews the use of computational fluid dynamics (CFD) as a tool to model the

combustion and co-firing of biomass.

2.2 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)
(Vassilev et al., 2010; Vassilev et al., 2012). The most crucial biological process
involved in the natural production of biomass is photosynthesis. Photosynthesis is the
process by which the chlorophyll pigment in plant matter uses sunlight to convert
atmospheric CO2 and water to produce carbohydrates. What is essentially being
carried out is that the energy in sunlight is being stored in chemical bonds in the

carbohydrates formed. This energy can be recovered for human consumption by



carrying out an appropriate process on the biomass, for example combustion. The cycle
completes, and CO2 and water are once again produced, while the energy stored in the

bonds is extracted.

As Pérez et al. (2002) describes, these carbohydrates are the basis of the biomass
matter, and can be classified into three main groups — cellulose, hemicellulose and
lignin (collectively termed lignocellulose). Hemicellulose consists of several sugars
linked to form polymer chains. Cellulose is also a polymer, but consists primarily of
glucose, and has a higher average molecular weight than hemicellulose. Lignin has the
highest average 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 thermochemical 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 in several ways, but a typical breakdown would be
woody biomass, herbaceous biomass, aquatic biomass and wastes (which include
manure, sewage, refuse containing biological matter, etc.). The method of utilising a
particular type of biomass typically depends on which of the above categories it falls
into. An overview of biomass energy conversion options by McKendry (2002a; 2002b)
explains the correlation between the type of biomass and the conversion method. The
moisture content is a primary deciding factor in choosing which energy conversion
process to use, and the moisture present varies greatly from category to category. The
latter two generally have the highest moisture content, and is more suited to
biochemical methods (which do not require a dry substrate). Such methods include
fermentation and anaerobic digestion. Anaerobic digestion is typically used for

biomass with moisture content ranging from 80% to 90% (McKendry, 2002b). Woody
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biomass has the lowest moisture levels, while herbaceous biomass has an intermediate
range. Most industrial applications have been centred about thermochemical 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 (O.), whereby
the energy stored in the chemical bonds within the carbohydrate 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 oxidation of the biomass. This results in the evolving 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 about 500°C. The subsequent thermochemical decomposition results in
the production of solid, liquid, and gaseous components. The solid charcoal, liquid
bio-oil, and the evolved gases can all be used as fuels for energy (Demirbas, 2005;

McKendry, 2002a).

2.3 Biomass characterization

The characterization of any solid fuel (any type of coal, biomass, etc.) is one of the
initial and most crucial steps that should be undertaken, when investigating the
application of the fuel. This characterization could be in terms of physical, chemical,
thermal properties as well as mineralogical and geochemical features (Vassilev et al.,

2010). A summary of the methods of biomass characterisation is given in Table 2-1.
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2.3.1 Chemical properties
Studies by Vassilev et al. (2010) and Jenkins et al. (1998) place emphasis on the

chemical composition of different biomass varieties. The techniques evaluated in this
work are invaluable for any future studies on any type of biomass. The chemical
analysis can generally be considered in three stages — the proximate analysis, ultimate
analysis and ash analysis. Proximate analysis is the most superficial of the three, and
thus represents an important initial step. It involves determining the fixed carbon,
volatile matter, ash yield, and moisture content of the solid fuel. Ultimate analysis and
ash analysis is used to evaluate the composition of the fuel at the elemental level.
Ultimate analysis focuses on quantitative determination of carbon (C), oxygen (O),
hydrogen (H), sulphur (S), nitrogen (N) — the organic components. Ash analysis is
associated with inorganic elements such as potassium (K), sodium (Na), silicon (Si),

aluminium (Al), iron (Fe), etc.

2.3.1.1 Proximate analysis

Carrying out the proximate analysis typically involves the application of heat to
the sample (under controlled conditions), and monitoring the mass loss of the sample
as a function of time and temperature. This technique is known as thermogravimetric
analysis (TGA). The first stage uses a nitrogen (N2) atmosphere, so that combustion
cannot occur. The first distinct mass drop corresponds to the moisture content of the
fuel, and is essentially a drying step where the water that is bound physically to the
structure of the fuel is lost. The second mass drop represents the volatile matter — a
slow pyrolysis process has set in here due to the high temperature and the O»-free
atmosphere. The final phase involves switching the atmosphere from N2 to O.. This
initiates combustion, and the mass remaining upon achieving complete combustion is

considered the ash yield. Since the total initial mass of the sample is considered the
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sum of moisture, volatile matter, fixed carbon and ash yield, the fixed carbon content

can be then be calculated by difference.

fixed carbon (%) = 100 — (moisture (%) + ash (%) + volatile matter (%)) - Eqn 2-1

Care should be taken when choosing the heating profile to be used in the TGA —
the profile should ensure that plateaus are reached at every distinct mass loss phase (a
differential thermogravimetry curve — DTG — would be useful in determining this) i.e.
the different phases in the TGA (drying, devolatilisation, etc.) are distinct without any
overlap. An optimization procedure following parametric tests, would be required to
arrive at the heating rate, final temperature, holding time, etc. which would be most
suitable for a particular type of biomass. Mayoral et al. (2001) explored the use of such
a procedure (the simplex method) to optimize TGA profiles for coal and biomass.
However, whichever profile is utilised, it is important that it is standardised throughout

the study.

2.3.1.2 Ultimate analysis

The ultimate analysis can be carried out using elemental analysers. Although a BSI
(British Standards Institution) standards publication exists for the determination of C,
H, N, via instrumental methods, it merely lays down guidelines and do not offer
specific details — the elemental analysers vary among their methods of operation (BSI,
2011b). Often, the content of C, H, N, and sometimes S, can be determined
simultaneously by the instrument. The fundamental concept utilised is the catalytic
combustion of the fuel in the presence of oxygen (O2). The combustion should take
place such that there is complete conversion of the C and H to carbon dioxide and
water, and S to sulphur dioxide, while all of the N content should be reduced to gaseous

N2. A quantitative analysis of these products can then be carried out using a suitable
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detection system such as thermal conductivity detectors or flame ionisation

chromatography (Stahl & Henrich, 2004).

Determination of S and Cl content however, is detailed out in a BSI standards
publication. A combustion bomb is utilised to combust the sample, whereby the
sulphur and chlorine content is released as acidic gases, i.e. SOz and HCI. lon
chromatography is the recommended detection technique, although acceptable
alternatives exist such as inductively coupled plasma (ICP) mass spectroscopy (BSI,

2011¢).

One direct method of determining O content is by carrying out a catalytic
conversion to CO. The CO formed is subsequently converted to CO3, which is then
measured using a thermal conductivity detector (Stahl & Henrich, 2004; Wever et al.,
2012). O content can also be calculated from difference, by subtracting from 100 the
sum of C, H, N, S and ash by percentage (Telmo et al., 2010) as shown in Equation 2-

2.

0 (%) =100 — (C (%) + H(%) + N(%) + S(%) + ash(%)) - Eqgn 2-2

2.3.1.3 Ash analysis

A proximate analysis yields information about the total ash content of a fuel i.e.
the amount of solid residue that is remaining following combustion. However, the
composition of the ash is just as crucial as the total content. An ash analysis is a vital
requirement to predicting the behaviour of a solid fuel in a combustion system as it
provides information on the inorganic elements present in the fuel which are
responsible for many of the drawbacks of biomass combustion. A BSI standards
publication (BSI, 2011a) outlines the procedure for the determination several

influential inorganic elements in the ash, which includes Na, K, Mg, Al and Si. The
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method involves the treatment of the sample with several reagents — hydrogen peroxide
(H202), nitric acid (HNO3), hydrogen fluoride (HF) — accompanied by heating steps.
This can be applied either directly to the fuel, or to a sample of ash which has been
prepared at 550°C (the procedure varies accordingly). The objective of this treatment
is to “digest” the sample. Following this, several analytical techniques can be used to
determine the concentrations of the inorganic elements in the “digested” sample —
inductively coupled plasma mass spectroscopy (ICP-MS), inductively coupled optical
emission spectrometry (ICP-OES), atomic absorption spectroscopy (AAS), or flame

emission spectroscopy (FES).

While the chemical composition evaluation by Vassilev et al (2010) was ultimately
an exercise in systematic classification and trend analysis, that of Jenkins et al (2008)
was far more specific and related to the combustion of biomass in energy conversion
systems. The effect of chemical composition on emissions, fouling and slagging was
investigated — in short, the real-world implications. Fouling, slagging and corrosion of
boiler surfaces was found to be influenced mostly by alkali and alkaline earth metals
(such as K) and Cl. Leaching these elements from the fuel using water dramatically
improved these ash-related problems. This technique could be investigated further in

future work, and represents a potential biomass pre-treatment stage.

While both these studies had several specific conclusions drawn, perhaps one of
the most important issues addressed was the need for a more systematic approach.
While research methodologies for coal have been laid out, these have not been
implemented consistently for biomass. Also, standard engineering practices and
protocols have to be laid out in a more comprehensive manner with regard to biomass

energy conversion. This is also a potential area for further study.
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2.3.2 Thermochemical properties

2.3.2.1 Heating/calorific value

The principal thermochemical property of a solid fuel is usually considered to be
the heating value, or calorific value. It is a measure of the amount of energy released
during the combustion of a unit mass of the fuel, at constant volume. There are two
variations — the lower heating value (LHV) and the higher heating value (HHV). The
LHV assumes that the water produced by the reaction remains in the vapour phase,
while the HHV considers it to be in the liquid phase — the HHV is the higher value
since it also includes the energy released when the product water condenses from
vapour to liquid phase (the latent heat of vaporisation of water). It is common practise
to use the HHV when comparing the energy content of different solid fuels. A bomb

calorimeter is employed to measure the HHV of a sample of fuel (Jenkins et al. 1998).

The HHV can also be calculated using data from proximate and ultimate analyses.
Demirbas (1997) presented the formula shown in Equation 2-3 to calculate the HHV

by using the fixed carbon (FC) content.
HHV (M]/kg) = 0.196 x FC (% by weight) + 14.119 - Eqn 2-3

This correlation was able to predict the HHV with an error ranging from 0.1% to
4.0%, when compared against measured HHV values (using a bomb calorimeter). 16

lignocellulosic biomass varieties were used to test the correlation.

Another equation was obtained by Demirbas et al. (2007) to calculate HHV, which

uses the C, H, N, O content (by % weight):

HHV (M]/kg) =335xC+1423xH —154x 0 — 145x N -Eqn 2-4
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In this case, the error did not exceed 0.54%. However, this correlation was only

tested on 3 varieties of raw lignocellulosic biomass (olive husk, wheat straw, corncob).

2.3.2.2 Flame temperature

Although the HHV is the property which is most commonly utilised to compare
solid fuels, it has the limitation that it cannot be used on its own to predict the
efficiency of the combustion system. The maximum efficiency that can be attained is
a function of the flame temperature. The flame temperature in turn depends on both
the calorific value and the chemical composition of the fuel, since the chemical
composition dictates the amount of air required for combustion (stoichiometry) — if
less air is required, less non-reacting components of the air (mostly nitrogen) needs to
be heated to the flame temperature. The higher oxygen content of biomass means that
less air is required for combustion, compared to typical hydrocarbon fuels (Jenkins et
al. 1998). Hence biomass fuels have the potential to have higher combustion
efficiencies compared to other hydrocarbon fuels. This is a promising avenue for

further investigations.

The flame temperature can be calculated using the ultimate analysis (Demirbas,
2003). It can also be directly measured using a flame imaging system which can

generate a two-dimensional temperature distribution of the flame (Molcan et al., 2009).
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Table 2-1: Summary of biomass characterisation methods

) i Reference/BSI
Type of analysis Method of analysis standard
Proximate
analysis
_ BS EN 14774-
Moisture 1:2009

Chemical analysis

Fixed carbon

Volatile matter

Ash content

Thermogravimetric analysis
(TGA)

[calculated by
difference]

BS EN 15148:2009

BS EN 14775:2009

Ultimate
analysis
C,H,N Elemental analyser - BS EN 15104:2011
catalytic conversion + detection
S, Cl by BS EN 15289:2011
chromatography/spectrosco
grapnyisp Py Stahl & Henrich
0] 2004; Wever et al.
2012
Ash analysis Treatment with H,O2, HNO3,
HF and heating + detection b
Na, K, Mg, Al, g y
Si etc spectroscopy BS EN 15290:2011

Thermochemical
analysis

Higher heating

Bomb calorimeter

Calculation from proximate
analysis data (FC content)

Demirbas 1997

value (HHV)
Calculation from ultimate
. Taylor et al. 2007
analysis data
Flame imaging system (Molcan et al., 2009)
Flame
temperature Calculation from ultimate

analysis

(Demirbas, 2003)
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2.4 Biomass combustion

Although there are several energy conversion techniques available for biomass,
combustion remains the most important option on a short- to medium-term time scale;
currently more than 95% of the energy extraction from biomass is carried out via
combustion (Demirbas 2005). As explained in more detail in the Introduction, perhaps
the most important reasons to look into biomass as a source of energy are with regard
to the environment, namely its renewability and alleged CO2-neutral conversion.
Fossil fuels take millions of years to form, and hence have a continuously diminishing
stock (non-renewable). Biomass on the other hand can be cultivated sustainably to
replace stocks that are being used, within a practical time scale. The CO2-neutrality
results from the absorption of CO2 during the lifetime of the plant, which compensates
for the CO2 which is released during combustion of the resulting biomass. However,
both the renewability and CO»-neutrality are dependent on sustainable consumption,
so that all of the biomass which is used for energy is replaced, and the overall stock of

biomass is hence not depleted (Demirbas, 2005; McKendry, 2002a).

There is rising global concern regarding the use of non-renewable fossil fuels such
as coal in thermal power stations, and the greenhouse effect caused by excessive CO>
emissions. Hence, substituting coal with biomass is a very important aspect of future
energy generation. Directly firing the biomass itself, or co-firing of biomass with coal
(hence reducing the total usage of coal) are both possible alternatives that show

promise (Jenkins & Williams, 1999; Ridiger et al., 1996).

Another advantage of co-firing biomass with coal involves the higher volatility of
biomass. This has the effect of improving the reactivity and ignition characteristics of

the fuel, compared to pure coal (Gani et al., 2005).
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2.4.1 Drawbacks of biomass combustion/co-firing

The major drawbacks of biomass firing, namely deposit formation, corrosion and
erosion within the boiler system, are related to the ash formed. Two modes of deposit
formation can be identified — slagging and fouling. Slagging is dominant in the high-
temperature radiative sections of the boiler and occurs due to molten ashes, while
fouling is primarily found in the low-temperature convective sections and is related to
ash deposits during cooling (Teixeira et al., 2012). Slag and fouling deposits are
primarily composed of the chlorides, sulphates, hydroxides and silicates of alkali and
alkaline earth metals. The slag forms when ash gets fused or partially-fused. This
requires high temperatures, typically exceeding 1000°C (Savolainen, 2003), which is
why the phenomenon occurs predominantly in the regions of the boiler which are
subjected to heating by radiation. Fouling occurs when alkali compounds condense on
the metal surfaces, and also when fly ash gets quenched below its melting temperature
and gets deposited. Both these phenomena occur due to the falling temperatures in the

heat-recovery sections, where heat transfer is by convection (Bryers, 1996).

A further related problem which is unique to fluidised bed combustors (FBC) is
the agglomeration of bed media due to the presence of the biomass ash. This would
result in a reduction of heat transfer, as well as in plant downtime. This issue is
considered noteworthy, as FBC can otherwise be regarded as one of the more desirable
biomass combustor technologies due to the low, stable operating temperatures it uses,

as well as the fuel flexibility it affords (Ohman et al., 2000).

With regard to these deposition phenomena, it would be useful to have the ability
to quantify the phenomenon, so that a more objective comparison can be made between
different biomass varieties/blends. One basic technique is to use the ash fusibility
behaviour; the ash fusion temperature would offer an approximate prediction of the
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slagging tendency of the fuel, since fusion of ash is the basis of slag formation. The
ash fusion temperature can be defined at different percentages of molten ash (for
example, the temperature at which 70% of the ash mass is molten), and care should be
taken to maintain uniformity throughout the comparison (Stam et al., 2009). Various
other indices have also been defined for this purpose. Two commonly used such
indices are Re/a and Rs. Re/a uses the proportion of basic oxides to acidic oxides in
the ash, while Rs is a similar ratio that also incorporates the sulphur content (Teixeira
etal., 2012). Degereji et al. (2012) also proposed a numerical slagging index that takes
into account ash viscosity, ash fusibility and ash loading. However, these 3 indices
have all been defined for coal. Since the ash resulting from biomass and coal
combustion vary significantly in composition, these indices may not be reliable in
predicting slagging/fouling in biomass; biomass ash deposition depends primarily on
sodium and potassium chlorides, sulphates, hydroxides, etc., while coal ash consists
of an alumino-silicate system. However, they would still find use in predicting the ash
behaviour of biomass/coals blends which contain a low percentage of biomass (Stam

et al., 2009).

Teixeira et al. (2012) proposed an ash fusibility index (AFI) that is based on 2 ash
fusion temperatures (initial deformation temperature and hemispherical temperature).
The AFI was defined in such a way that it could be applied to biomass, coals, as well
as blends, in order to predict slagging and agglomeration. Turn et al. (1997) used the
total mass of alkali oxide (K2O and Na2O) per unit energy as a measure of the fuel’s
fouling potential, while the normalized percentages of SiO., CaO, K>O on a phase
diagram were used to predict the ash fusion temperatures which in turn was used as an
index for slagging potential; in this study too, the indices were applied to biomass fuels

(rice straw and wheat straw).
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Further theoretical work in slagging prediction was carried out by Degereji et al.
(2012). Here, CFD and modelling techniques have been shown to be reasonably
effective in the in-furnace temperature profiles and heat fluxes as well as slag
deposition. Future developments in the field of computer simulation would prove
extremely useful in predicting ash deposition problems, without the need for expensive

and time-consuming field tests.

2.4.2 Biomass co-firing technology

Dai et al. (2008) identified three ways in which biomass co-firing plants can be
configured, as summarised in Figure 2-1 and Figure 2-2. Direct co-firing systems
utilise where a single common boiler. This boiler may be powered by burners using
either a blend of coal and biomass, or using coal and biomass separately. The common
boiler means that existing conventional coal power plants can start co-firing biomass
with minimal modifications, making it an attractive proposition economically. Hence,
direct co-firing is the predominant configuration in the power generation industry.
Parallel co-firing systems have separate boilers for coal and biomass. The final option,
indirect co-firing, relies on gasification of the biomass component. This method has
the potential to utilise a high biomass:coal ratio during the co-firing, and also affords
great fuel flexibility. Problems arising from biomass combustion, such as slagging, are
also avoided. However, it is expensive and sees little implementation at present

(EUBIA, 2013; Maciejewska et al., 2006).
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Biomass co-firing

Direct co-firing Indirect co-firing Parallel co-firing

Separate fuel
handling systems
and burners for

Blending biomass
and coal before

Jel biomass and coal
Figure 2-1: Overview of co-firing configurations
(a) (b) T (c)
Coal Boiler _
Biomass Biomass Boiler
e, . 3
Boiler

Gasification
. gas
Coal .
—\/ Coal Boiler

Biomass Gasifier

Figure 2-2: Schematic diagrams of co-firing configurations: (a) direct, (b) indirect, (c) parallel.

There are also three major classes of furnaces that are currently in use: fixed
bed/packed bed/grate furnaces, fluidised bed combustors (FBC) and pulverized fuel
combustors (PFC). Comprehensive overviews of these have been published by Dai et
al. (2008), van Loo & Koppejaan (2008), and EUBIA (2013), and the summary of

these is as follows:

Grate furnaces have the most elementary design of these, and consists simply of

fuel being combusted over a grate. There are no special provisions for circulation of
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air. This design is simple and hence the capital cost of the furnace is the lowest.
Operating costs are also low. However, the downside is a low conversion efficiency
and low fuel flexibility when mixtures are used. They are acceptable when single (non-

blended) fuels are used, and hence see use in indirect and parallel combustion setups.

FBCs contain a bed of a medium (such as sand), with which the fuel is mixed. The
bed acts as a buffer to maintain high combustion temperatures, even if the fuel contains
impurities, high moisture or low calorific value. Hence, relatively high efficiencies can
be maintained despite variations in the fuel used, and this affords the design very good
flexibility with regard to the fuel used. Also, existing coal-fired FBCs can be easily
adapted to a co-firing arrangement (Veijonen et al., 2003). This means that this design
IS a very suitable candidate for direct biomass co-firing, and already has been proven
on a commercial scale. One problem that is exclusive to this design is the probability
of bed agglomeration occurring when biomass with a high alkali/alkaline earth metal

content is used.

In PFCs, the solid fuel has to be mechanically reduced in particle size (typically to
less than 10-20 mm). The fine particles are then introduced pneumatically into the
burner. This is the most widespread technology employed for electricity generation
using coal, due to the high efficiency and low NOx emissions. They can be adapted to
direct co-firing with biomass. However, fuel properties (particularly a small particle
size and a low moisture content) have to be carefully controlled, along with fuel

blending and feeding.

Table 2-2 is a bibliographic compilation of the advantages and disadvantages of

the three major types of furnaces currently employed.
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Table 2-2: Bibliographic compilation of the advantages and disadvantages of the three types of combustion systems

Reactor
type

Advantages

Disadvantages

Grate
furnaces

Low investment costs for plants <20 MWth and low operating costs (van Loo &
Koppejaan, 2008)

Can use almost any type of wood (Veijonen et al., 2003)

Appropriate for biomass fuels with high moisture content (10-60 wt% whb)
(Tuurna et al., 2003; van Loo & Koppejaan, 2008).

Suitable for fuels with high ash content and varying particle sizes (with a
limitation regarding the amount of fine particles) (van Loo & Koppejaan, 2008).

Mixtures of wood fuels can be used, but mixtures of fuels with different
combustion behaviour and ash melting points (e.g. blends of wood with straw
or grass) are not possible (van Loo & Koppejaan, 2008);

Increase of temperature may cause ash melting and corrosion (Tuurna et al.,
2003)

FBCs

Large fuel flexibility in calorific value, moisture content, and ash content,
enabling fuel diversification and increasing the scope of fuels in existing power
plants (Maciejewska et al., 2006)

Combustion temperature in bed is low, resulting in low NOx emissions (EC,
2000; van Loo & Koppejaan, 2008)

Provides an option to directly inject limestone to remove sulphur cost-effectively
(instead of flue-gas desulphurisation equipment) (Maciejewska et al., 2006)
Maximized combustion efficiency even with low-grade fuels (Maciejewska et
al., 2006)

Environmental performance of FBC installations is good, with low emissions of
CO NOx and high boiler efficiencies (about 90%) (EC, 2000)

Fluidized bed technology can be converted from coal to biomass/coal co-
combustion with relatively little investment (Veijonen et al., 2003)

Despite the flexibility with regard to fuel specifications, it is not always
possible to use the existing feeding system for biomass by premixing the fuels
(the cheapest option). In cases where the feeding characteristics of the co-fired
fuels vary too much from the primary fuel, a separate feeder needs to be
installed (Maciejewska et al., 2006)

Slagging and fouling on boiler walls and tubes when burning fuels with high
alkali content (Maciejewska et al., 2006)

Bed agglomeration when burning fuels of high alkaline and/or aluminium
content (Maciejewska et al., 2006)

Cl-corrosion on heat transfer surfaces (e.g. superheater tubes) (EC, 2000)
High investment costs

Low flexibility in particle size, high dust load in the flue gas, loss of bed
material with the ash (van Loo and Koppejan, 2008)

Incomplete combustion of fuels and high unburned carbon content in the ash,
especially in CFB (Maciejewska et al., 2006).

PFCs

Increased efficiency due to low excess oxygen, high NOx reduction possible
when appropriate burners used (van Loo and Koppejan, 2008).

Particle size of biomass is limited to <10-20 mm (van Loo and Koppejan,
2008).

Low moisture content required (typically <15 wt%, wb) for pneumatic feeding
and decreased efficiency for high-moisture fuels (Maciejewska et al., 2006)
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2.5 Biomass pre-treatment

The use of biomass in power-generation systems, either on its own or when co-
fired with coal, is an attractive proposition due to the reasons discussed in the previous
sections. However, in practice, biomass combustion still faces several challenges. One
potential route to mitigating the negative effects of biomass combustion is the pre-
treatment of the fuel prior to being fired in the boiler. This pre-treatment could be

mechanical, thermal, chemical, biological, or a combination of these.

2.5.1 Leaching
2.5.1.1 Overview

As mentioned earlier, one of the main concerns with using biomass is its high alkali
content which causes a host of ash-related problems. The alkali and alkaline earth
metals react with other inorganic non-metallic components to produce deposit-forming
compounds. Among the common such compounds are the silicates, chlorides and
sulphates of potassium (an alkali metal) and calcium (an alkaline earth metal). These
deposits result in slagging in grate-fired combustors, fouling of heat transfer surfaces,
and bed agglomeration in fluidised bed combustors (Baxter et al., 1998; Turn et al.,
1997; Vamvuka et al., 2008; Werther et al., 2000). The fouling impedes the heat
transfer rate, while the slagging obstructs fuel feeding, combustion and ash removal
(Baxter, 1993; Jenkins et al., 1998). As Kargbo et al. (2009) points out, all of these
occurrences have the combined effect of lowering the performance of the energy
transfer system in terms of combustion efficiency, and also have a negative impact on

plant reliability, maintenance costs, and overall operating costs.

The presence of chlorine and sulphur also results in the formation of acidic

products upon combustion. This would invariably cause accelerated corrosion of metal
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surfaces within the combustion system, and would also act as atmospheric pollutants

(Dayton et al., 1999)

Thus, reducing the content of alkali and alkaline earth metals as well as chlorine
would be one of the primary objectives of the pre-treatment procedure. Washing of the
biomass with water or an acid has been demonstrated as an effective method to
accomplish this. This washing or leaching can occur naturally due to the biomass being
exposed to rain prior to harvesting, or it can be carried out as an artificial process.

Table 2-3 presents a bibliographic compilation of selected leaching studies.

2.5.1.2 Natural leaching

Jenkins et al. (1999) investigated the feasibility of using naturally leached rice
straw in conventional commercial power plants. The straw had been exposed to 717
mm of cumulative precipitation over a period of 7 months, and then blended at 20-
25% with the standard fuel. The standard fuel consisted of forest wood and
urban/agricultural wood for the grate-fired boiler and circulating fluidized bed (CFB)
boiler, respectively. Compared to using only the standard fuel, co-firing with the
leached straw resulted in an increase in the total fuel ash, which could be attributed to
the higher ash content of the straw. Despite this, there was no marked increase in
slagging that could be attributed to the presence of the straw. Unexpectedly, the rate
of deposit-formation on surfaces decreased following the co-firing, which reflected a
reduced fouling rate; no justification for this behaviour was offered by the authors.
Also, the co-firing with straw did not result in any bed agglomeration. Thus, in these
full-scale trials, the natural leaching of the straw appears to have mitigated the ash-
related problems to a great extent, although the corrosion issue still persists due to the

higher chlorine content of the blended fuels.
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Although the passive leaching process by natural precipitation is a low-cost and
potentially effective method of mitigating the ash-related problems caused by
alkali/alkaline earth metals, it is very much dependent on local weather conditions.
Hence, there would be restrictions on the geographical location of the harvest as well
as the time of the year. The relatively long exposure time required would cause
complications in keeping to the harvesting and plant operation schedules. Also, the
unpredictable nature of rainfall patterns would make it difficult to standardise the
quality of the fuel with respect to the metal content. Hence, leaching should not only

be restricted to the natural process, and artificial washing techniques are also required.

2.5.1.3 Laboratory-based leaching
Another study by Jenkins et al. (1995) investigated — in addition to rainfall-exposed
biomass — the effectiveness of three laboratory-based washing techniques which could

be applied to rice and wheat straw:

1. Hand-spraying water over a bed of straw which was 30 mm thick and held on
a steel mesh, for a duration of 1 min.

2. Pouring a specified quantity of water (200 ml per gram of straw) over milled
straw which had been spread over a fine steel mesh — flushing.

3. Leaving the straw submerged in water for 24 h — soaking.

All three techniques reduced the total ash content, although flushing and soaking
proved to be more effective. Following an elemental analysis, it was found that there
was a marked reduction in the content of chlorine (ClI), potassium (K), sodium (Na),
sulphur (S) and phosphorous (P) following the washing. The most significant
reduction appeared to be that of K and Cl, followed by Na. Again, flushing and soaking

had a more substantial leaching effect compared to hand-spraying (for example, ClI
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content was reduced by approximately 50% by hand-spraying, but experienced a 90-
92% decrease following flushing/soaking). This study also examined straw samples
that had been exposed to natural rainfall. In this case, the positive effects observed
were on par with those following flushing/soaking. However, the afore-mentioned
issues associated with natural leaching (time required and unpredictability of results)

discourage dependence on this method.

Carrillo et al. (2014) also conducted a study investigating different laboratory-

based techniques on sorghum biomass:

1. Pouring water evenly over 1 kg of biomass at a slow rate (7.6 | in 45 s) with
the biomass placed in a muslin bag — single wash.

2. The above treatment repeated once — double wash.

3. The above treatment repeated twice — triple wash.

4. Submerging 1 kg of the biomass in 7.6 | of water for 1 h — soaking.

As in the observations by Jenkins et al. (1995) discussed above, the washing and
soaking treatments had comparable results. For instance, the ash content decreased by
14% and 20% for the single and triple washes, respectively; that of the soaked biomass
decreased by 18%. Again, K and CI showed the most marked reductions following the

leaching.

Although these two studies investigated different techniques, most investigations
into laboratory-scale leaching are based on soaking the biomass for a controlled period
of time. This method has been employed on a wide variety of biomass, both herbaceous
and woody. The soaking method is especially relevant in laboratory-scale experiments
since it allows parameters such as water temperature and leaching time to be controlled

and their effects investigated. It also allows the progress of the leaching process to be
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studied in greater detail by analysing leachate samples taken at intervals (Ho et al.,

2005; Jenkins et al., 1995; Jensen et al., 2001).

The effect of the leaching water temperature was explored by Deng et al. (2013)
and Lam et al. (2014). The temperature was varied between 25°C and 90°C. Both
studies pointed to a marked increase in the leaching efficacy of K as the water
temperature was increased, while there were mixed results for the other elements.
Deng et al. (2013) proposed that at higher temperatures, more K-containing organic

complex molecules are able to escape the biomass matrix.

A wide range of soaking times have been used across the available literature,
extending up to 24 h (see Table 2-3). Chin et al. (2015) looked at the effect of varying
the leaching time from 30 min to 120 min — with an intermediate 60 min — for six types
of biomass. The wood species that were investigated typically showed an increase in
leaching efficiency as the leaching time was increased to 120 min. The empty fruit
bunch (EFB, a type of fibrous biomass) however did not gain a significant benefit from
being leached for more than 30 min. Another leaching study on EFB found that there
was no statistically significant decrease in the ash content beyond 1 min of leaching
(Lam et al., 2014). The authors however recognised that the very small amount of
material used in the experiments (5 g) would result in a leaching equilibrium being
attained in a short period of time. Furthermore, the mean particle size of the biomass
was 0.31 mm, while those used by Chin et al. (2015) were an order of magnitude higher
in size. Thus, it is evident that the effect of the leaching time is dependent on several
other factors including the type of biomass, the particle size and the amount of material

used.
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2.5.1.4 Industrial-scale leaching

Turn et al. (1997) subjected banagrass (a potential energy crop which is rich in K
and CIl) to a pre-treatment regimen consisting of a combination of mechanical
dewatering and rinsing processes. However, before this was carried out, size reduction
was carried out on the material by the use of a forage chopper which gave a mean
particle size of approximately 4 mm, or a Jeffco cutter which results in a mean particle
size of about 1 mm. An analysis showed that Mg, Na, K and CI were leached out to a
greater extent when the particle size is smaller. Phosphorous leaching showed an
extremely strong response to the greater particle reduction, while S leaching seemed

to be unaffected by the particle size.

This study is significant in that unlike the small-scale laboratory-based methods
which were used by Jenkins et al. (1995), it used industrial-scale methods and involved
large quantities of test material. In addition to the effect of particle size, the authors
also studied the effectiveness of mechanical dewatering as a method of reducing the
content of such elements as Na, K and Cl. A single dewatering step halved the CI
content, and also decreased the Na and K levels by approximately 20% and 40%,
respectively. A subsequent rinsing and second dewatering step caused further
reductions; approximately 12%, 57%, and 30% of the original levels of Cl, Na, K —
respectively —were left. Thus, mechanical dewatering by the use of hydraulic cylinders
(coupled with rinsing) was shown to be reasonably effective as a means of reducing
the content of elements which cause ash-related problems, on an industrial scale. As
previously stated, the removal can be made more effective by using finer particle-
reduction systems (on average, an improvement of 15-20% was observed when the

mean particle size was reduced from 4 mm to 1 mm).

A compilation of selected leaching studies is presented in Table 2-3.
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Table 2-3: Bibliographic compilation of selected leaching studies

Elements

Feedstock Particle size Process Analysis technique Comments Reference
analysed
- Rice straw - Whole Water at 20-25°C, 100 g samples: Solid samples: Solid samples: (Jenkins et
- Wheat straw straw - Hand-spraying tap water for 1 min over - Moisture and ash content -C,H,N, S, Cl al., 1995)
- Hammer- straw bed supported on steel mesh. - Heating value - SiOy, AlxO3,
milled (19 - Pouring 20 | of tap/distilled water in 1 | - Elemental composition (both in | TiO2, Fe;O3
mm) increments through sample supported on dry fuel and ash) - Ca0, MgO
- Pulverised | fine steel mesh screen; leachate sampled at | - Ash fusibility (qualitative) - Na20, K0
(20 mesh) each increment. - Furnace tests of pellets - P20s, SO3
- Pouring 7 I of distilled water in 0.5 | (qualitative)
increments through 50 g pulverised sample | - Phase (SEM — qualitative) Leachate:
placed on paper element paper; vacuum - Na*, K*
leaching. Leachate: - Mg?*, Ca?*
- Soaking sample in 7 | of distilled water - Electrical conductivity - HCOs
for 24 h; leachate sampled at intervals. [70 | - lon concentration (HPLC) -ClI
ml/g] - SO4%
Banagrass - Forage- Initial weight 18.2 kg for each treatment: Solid samples: Solid samples: - Slagging/fouling (Turn et
chopped: 3.9 | - Dewatered using 91 tonne press in - Proximate analysis -CH,0ON,S indicators used: al., 1997)
mm mean, cylindrical cage; dried for several days - Ultimate analysis Ash: (K20+Na20) kg/GJ;
1.9mms.d. | using ambient temperature forced-air - Chlorine content - Cl (CI) kg/GJ;
- Jeffco-cut: | dryer. - Heating value - Oxides of (SO3) kg/GJ.
1 mm mean, | - Dewatered; rinsed using 52 | of tap water | - Ash analysis Si,AlTi,Fe,Ca, - HHV increases with
2.2mms.d. | inbarrel and agitated by hand for 3 min; Mg,Na,K,P,S increasing leaching
drained; dewatered; dried for several days | Leachate: Leachate and tap | severity as ash

using ambient temperature forced-air
dryer. [2.86 ml/g]

- Electrical conductivity
- Sugar monomers (HPLC)

water used for
rinsing:

- K,Na,Cl,Ca,Si,
Al Fe,Mg,P,S

content decreases
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Table 2-3 (contd.)

- Rice straw Milled - Soak for 24 h in distilled water; drain; Molecular beam mass - CO2*, CO*, Treated samples (Dayton et
- Wheat straw through 20 repeat cycle once. [40 ml/g] spectroscopy (MBMS) following | 3*O,*, NO*, SO,* | collected from other | al., 1999)
- Switchgrass mesh combustion - HCI*, KCI*, studies and analysed
- Mixed wood NaCl* using MBMS
fuel - K*, Na*
- Banagrass
- Sugarcane
bagasse
Wheat straw - Full-size 400 ml of distilled water heated to required | - Flame photometry K, Cl - Water temperatures: | (Jensen et
char (after char temperature; 0.5 g of char particles added; | - lon chromatography 25°C and 80°C al., 2001)
pyrolysis) particles mixed with magnetic stirrer at 360 rpm; 20

-0.153 mm | ml samples drawn with syringe at regular

-0.049 mm | time intervals with equal volume of clean

water re-injected. [800 ml/g]

- Wheat straw -05t02 0.100 g sample used for each technique: - Treated sample heated at Na, K - Water washing (Davidsson
- Wood waste mm - Sample placed on filter paper and rinsed | 20°C/min under N2; surface technique aims to etal.,
- Microgranular | -0.05t0 0.5 | with 5 or 20 ml of Milli-Q water at 20- ionisation detector measures simulate large-scale 2002)
cellulose mm 25°C; allowed to dry in dessicator for 24 h. | concentrations of compounds in leaching applications.

[50, 200 ml/g]

- Sample immersed in 5 ml of 1M acetic
acid at room temperature for 4 h; filtered,;
rinsed with 10 ml of Milli-Q water;
allowed to dry.

- Sample immersed in Milli-Q water at
80°C for 2 h.

vapour.

- Cellulose analysed
to determine
effectiveness of
treatment in
removing Na and K
bound to organic
structure.
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Table 2-3 (contd.)

- Olive kernel 850 to 1150 | Samples pre-dried in oven to 1% moisture; | Solid samples: Ultimate analysis: | - Slagging/fouling (Vamvuka
- Olive tree pum treated with 120 ml/g pure double distilled | - Proximate analysis -C,H,N,O,S indicators used: etal.,
wood water at 80°C for 2 h; dried in ovento 1% | - Ultimate analysis (elemental Alkali index = 2008)
final moisture. [120 ml/g] analyser) Fly ash: (K20+Na20) kg/GJ;
- Calorific value -Cl
- Combustion tests in atmospheric | - Oxides of
lab-scale fluidised bed reactor Si,Al,Fe,Mg,Ca,
Na,K,Ti,Mn,P,S Base-to-acid ratio
Bed material: = %(oxides of
- SEM/EDX Fe,Ca,Mg,K,Na)+
- Mineralogical analysis (XRD) %(oxides of
Si, Ti,Al);
Fly ash:
- Atomic absorption spectrometry Bed agglomeration
- XRD index
%(Fe203)+%(K.0+N
azo).
- Usage of mineral
additives (kaolinite,
clinochlore, ankerite)
to mitigate slagging,
fouling,
agglomeration
investigated.
- Wheat straw 280-450 pm | - 12.5 g of biomass submerged in 1 | of - Proximate analysis Ultimate analysis: | - Fouling tendency (Deng et
- Rice straw deionised water for 3 h. [80 ml/g] - Ultimate analysis -C,H,N, S, O, Cl | determined by base- al., 2013)
- Corn stalk - Ash analysis to-acid ratio =
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Table 2-3 (contd.)

- Cotton stalk
- Candlenut
wood

- Rice husk

- Leaching temperatures of 30°C, 60°C,
90°C.

- Leached samples air-dried at 105°C for
several hours.

- All runs duplicated.

- Higher heating value (HHV)

- TGA Kinetics — pyrolysis and
combustion tests at constant
heating rate (20°C/min) to
1200°C in N2 and 1000°C in air,
respectively.

- Ash fusibility — imaging
sintering point testing

Ash:

- Oxides of Si, Al,
Ti, Fe, Ca, Mg,
Na, K, S, P

%(oxides of
Fe,Ca,Mg,K,Na)+
%(oxides of Si,Ti,Al)

- K, S, Cl effectively
removed, with K
leaching efficiency
increasing with
temperature.

- HHV increases
slightly following
leaching.

- Ash fusion
temperatures increase
following leaching

- Under pyrolysis,
aximum
devolatilisation rate
increases and
hemicellulose,
cellulose peaks move
further apart
following leaching;
under combustion,
devolatilisation and
char combustion
delayed following
leaching.
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Table 2-3 (contd.)

Sorghum Stalks Tap water at approx. 20°C used; 1 kg of - Proximate analysis Ultimate analysis: | - Alkali index = (Carrillo et
processed biomass put into a muslin cloth bag for - Ultimate analysis -C,H,N,O,S (K20+Na20) kg/GJ al., 2014)
with wood each treatment (triplicated): - Calorific value - Total halogen used
chipper - Evenly pouring 7.6 | of water over - Halogen content (Cl, Br, ) - Lignin

sample in 45 s (single rinse). - Ash analysis - Cl concentration and

- As above, double rinse. - Lignin content analysis Ash: calorific value

- As above, triple rinse. - Oxides of Si, Al, | increased following
- Sample immersed in 7.6 | of water for 1 Ti, Fe, Ca, Mg, leaching.

h. Na, K, S, P

All leached samples dried at approx.. 50°C

for 3 days.

- Empty fruit Milled to <4 | - 5 g of biomass with 100 ml of distilled - Ash content (proximate) Al, Ca, Fe, K, - Kinetic model (Lam et

bunches mm water for each run. [20 ml/g] - Inductively coupled plasma Mg, Na fitting was done to al., 2014)

- Palm kernel - Stirrer at 360 rpm. optical emission spectrometry the leaching process

shells - Leaching times of 1, 3, 5, 10, 30, 60, 120 | (ICP-OES) by using a second-

min. order mecanism.

- Leaching temperatures of 25°C, 40°C, - Higher leaching

55°C. temperatures had no

- Vacuum filtration and drying at 105°C significant impact on
the ash reduction, but
was mor effective in
removing certain
specific metals such
as K.

- Oil palm trunk | Woody - Leaching carried out in distilled water or | - Ash content (proximate) Al Si, Ca, K, Mg, | - Water-leaching only | (Chin et

- 4 species of biomass 1M dilute acetic acid at room temperature | - ICP-OES P effectively removed al., 2015)

fast-growing chipped to (27£2°C). - Higher heating value (HHV) Kand P.

timber <l mm - Ash melting characterisation
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Table 2-3 (contd.)

- Empty fruit
bunch

thickness,
1—15 mm
diameter

- Leaching times of 30 min, 60 min, 120
min.

- 10 g of biomass leached in 100 ml of
liquid in 200 ml conical flask placed in
water bath. [10 ml/g]

- Leached samples oven-dried at 105°C for
24 h,

- Acetic acid-leaching
removed most ash-
forming elements.

- Slight increase in
HHYV following
leaching.

- The authors
recognised the need
for further technical
and economic
feasibility evaluation
to implement
leaching on an
industrial scale.
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2.5.2 Torrefaction
2.5.2.1 Overview

The properties of biomass differ from those of coal in several key aspects. In
addition to the differences in chemical composition that have been discussed earlier,
there are also dissimilarities with respect to physical properties. Biomass generally has
a higher moisture content and a lower energy density than coal (Baxter, 2005;
Demirbaas, 2003; Rapagna et al., 2000). It is desirable to bring the physical properties
of biomass as close to those of coal as possible. This would make it possible to use
existing conventional power plants to fire biomass, with minimal modifications to the
handling and combustion equipment. The matching of properties is especially
important if the biomass is being co-fired with coal. The low energy density of biomass
results in a low burning rate, and coupled with poor blending characteristics, makes
co-firing of biomass and coal problematic (Hughes & Tillman, 1998; Tillman, 2000).
Table 2-4 adapted from Demirbaas' report (2003) shows typical values of certain

properties of biomass and coal to illustrate the differences between them.

Table 2-4: Differences in properties between coal and biomass (Demirbaas, 2003)

Biomass Coal
Fuel density (kg/m?3) ~500 ~1300
Particle size ~3mm ~100 pum
Dry heating value (MJ/kg) 16 25
Moisture (% of fuel) 6.5+0.8 (0oak wood) / 7.3+1 (wheat straw) 4.8+2.6
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A pre-treatment technique that has shown encouraging results in resolving these
issues is torrefaction. Torrefaction is a thermal pre-treatment. There are two types of
torrefaction available — dry torrefaction and wet torrefaction — they differ in the method

of application as well as the mechanism in which the products are evolved.

2.5.2.2 Consequences of torrefaction

In dry torrefaction, the biomass is heated in an O-free environment (typically in
an inert or No-filled surroundings) at temperatures upto 300°C, resulting in a mild
pyrolysis reaction where the biomass undergoes a non-combustive thermochemical
decomposition (Chen & Kuo, 2010). Extensive studies have to been carried out to
ascertain the effects of dry torrefaction on various types of biomass. A bibliographic
compilation of some of these studies is presented in Table 2-5. The process is

effectively a low-temperature pyrolysis reaction.
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Table 2-5: Bibliographic compilation of selected dry torrefaction studies

. Torrefaction Holding -
Type of biomass . Key findings Reference
yp ! temperature(s) time(s) y finding
Torrefaction temperature had a more significant effect on mass loss than residence time;
Hardwood sawdust 200-295 5-30 (Nimlos et al., 2003)
Significant increase in calorific value as torrefaction temperature increases.
Pine, lucern, sugar i ) i ) i i
cane bagasse Woody biomass gave a higher fraction of solid product, compared to agricultural residue;
d pellet t’ 230-280 60-180 (Ferro et al., 2004)
wood pe ”ets, straw Mass yield decreases with increasing torrefaction temperature and residence time.
pellets
Miscanthus, birch . N .
. ' ’ At higher temperatures and longer holding times, carbon content increased and hydrogen, oxygen .
salix, wood and 230-280 60-180 '9 peratures and fonger ho'ding f ' ydrogen, oxyg (Zanzi et al., 2004)
content decreased; calorific value increased.
straw pellets
Reaction time had smaller influence than temperature on torrefaction outcome;
Particle size had negligible effect on outcome;
Larch, willow, 930-270 15-60 (Boersma et al.,
beech, straw ) : Energy required for milling (size reduction) decreased by up to 85% following torrefaction; 2005)
Energy yield remains high (more than 95%) at temperatures up to 250°C but; beyond 270°C,
energy yield is below about 80%, and has to be controlled by limiting the reaction time.
Composition did not undergo much change at 220°C;
Wood briquettes 220-270 30-90 Torrefaction temperature had a much greater influence on composition that residence time; (Felfli et al., 2005)

Temperatures between 250°C and 270°C recommended.
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Table 2-5 (contd.)

Rice straw, rape

Heating value increased by up to 17% following torrefaction;

alk 200-300 30 (Deng et al., 2009)
sta Torrefied product more easily pulverised.
Eucalyptus wood 920-280 60 Mas§ loss was found tg be a good ||jd|cator of treatment intensity, and expressions were derived to (Almeida et al., 2010)
predict energy properties as a function of mass loss.
Rice husks, Moisture content and volatile matter content reduced,;
sawdust, peanut . - (Pimchuai et al.,
250-300 60-120 | Ash, fixed carbon content, energy density increased,;
husks, bagasse, and g9y y 2010)
water hyacinth In combustor, torrefied husks ignite faster and result in higher bed temperatures.
With increasing torrefaction temperature, energy density increased and energy yield decreased;
Ik, wh . L . . . .
Cottonsitrzv\; wheat 200-300 30 Grindability improved with increasing torrefaction temperature; (Guijun et al., 2011)
Optimum conditions were 230-250°C, for 30 min.
Proximate, elemental compositions of biomass was made similar to those of coal, following
Pine chips, logging torrefaction; (Phanphanich &
residue 225-300 30 Mani, 2011)
Specific energy consumption for grinding was decreased by a factor as high as 10.
OIC ratio decreased with increasing torrefaction temperature;
Bﬁmboo’ ?anYané 230-290 60 (Chen et al., 2011a)
willow (pulverised) Calorific value was increased by a factor as high as 1.46 following torrefaction.
Torrefaction increased calorific value and carbon content;
Lauan wood 220-280 30-120 | At 280°C, the mass loss was considered too steep (more than 50%); (Chen et al., 2011b)

Grindability was improved following torrefaction at 250°C for more than 1 h.
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Table 2-5 (contd.)

Woody biomass

Significant increase in carbon content and calorific value with increasing torrefaction temperature
and holding time;

(Wannapeera et al.,

200-27 -
(L. Leucocephala) 00-275 30-900 2011)
Longer the holding time, more cross-linking reactions occur in the solid product.
Analysis by C-13 nuclear magnetic resonance (NMR) spectroscopy revealed that hemicellulose and
Beech wood 200-300 50 lignin decomposition start at just above 200°C, while cellulose degradation occurs at >270°C. (Melkior et al., 2012)
Lignin undergoes decomposition over a wide range of temperatures.
Pine, black poplar, Grindability ?determlned in terms of particle distribution) improved with torrefaction at higher
chestnut 240-300 1143 | temperatures; (Gil etal., 2015)
woodchips Temperature was more significant factor than residence time.
C-13 NMR spectroscopy results showed that hemicellulose showed significant decomposition after (Neupane et al
Loblolly pine 225-275 15-45 torrefaction at 225°C and complete degradation at 275°C (30 min residence time). Cellulose 2015) B
degradation was observed only at higher torrefaction intensities (>250°C at 30 min residence time).
Moisture, volatile matter content reduced;
Waste wood,
loggi i Ash lorific value i ;
ogging residue, 250-350 30 sh content, calorific value increased; (Ohm et al., 2015)
palm kernel shell,
bagasse Fuel ratio and combustibility index were used to determine the viability of using the torrefied
biomass in blends with coal.
The C content and calorific value increased by 21% and 14%, respectively, as the torrefaction
temperature was increased;
Olive mill waste 150-300 120 200°C was found to be the optimum torrefaction temperature in terms of maximising calorific value (Benavente &

and minimising energy loss;

Accelerate solvent extraction (ASE) results showed that residual olive oil was depleted from the
biomass following torrefaction, and completed removed at 300°C-torrefaction.

Fullana, 2015)
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An inevitable effect of the heating is a reduction in moisture, which in turn has
several consequences. The removal of water results in a reduction of the H and O
content of the biomass. The reduction of C content during the torrefaction process is
less substantial (Chen et al., 2012). Hence, the moisture reduction causes a reduction
in the H/C and O/C ratios (Narvaez & Orio, 1996). These two ratios are significant
because they reflect on the heating value of the fuel. The energy released when a C-O
or a C-H bond is broken is less than that released when a C-C bond is broken. Hence,
the decrease in the H/C and O/C ratios due to the torrefaction ultimately results in an
increase in the heating value (McKendry, 2002a). This increase in heating value was
confirmed by experimental studies, where a rise of up to 17% was reported after
torrefaction of herbaceous biomass (Sadaka & Negi, 2009), while a maximum increase

of 37% was reported after torrefaction of woody biomass (Arias et al., 2008).

A further result of the torrefaction is that its propensity to reabsorb water is
reduced. This can be attributed to the loss of -OH (hydroxyl) groups during the
process; it is these —OH groups that cause untreated biomass to take up water, since
the water molecules form hydrogen bonds with these groups (Pastorova et al. 1993).
Furthermore, the reduction in the hydroxyl groups also corresponds with the H/C and
O/C ratios (Phanphanich & Mani, 2011). The low tendency of the treated biomass to
reabsorb moisture is a very desirable characteristic since it allows the fuel to be stored
stably for extensive periods of time without its moisture levels increasing significantly.
Also, the treatment makes the biomass resistant to microbial colonization (Trifonova
et al., 2009), which means that there would be less tendency for bio-degradation to

occur during storage.

The poor grindability of biomass is another issue that can be alleviated by

torrefaction. When co-firing biomass with coal, it is vital to maintain a uniform particle
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size to aid in blending; to achieve this, the fuels would have to undergo mechanical
size reduction (for instance milling), and good grindability hence becomes a necessary
attribute. Raw biomass tends to be highly fibrous in nature, and the fibres form
linkages which results in the resistance to milling/pulverising. Torrefied biomass has
been observed to lack these fibres. The treatment process also reduces the size of the
particles at a microscopic level, and also makes them more spherical. The combined
outcome of these effects is to improve the grindability and flowability of biomass, as
well as improve handling characteristics (Arias et al., 2008). A practical gauge of the
improvement in grindability is the reduction in energy required for grinding a unit
mass of the fuel. The specific grinding energy can be reduced by as much as 6 to 10
times, and this is a significant incentive in terms of energy cost. Torrefaction of wood
at 275°C to 300°C resulted in a grinding energy similar to that of coal (Phanphanich
& Mani, 2011). Further, Bridgeman et al. (2010) were able to use torrefaction to bring
the grindability and particle size distribution of two biomass varieties (the herbaceous
miscanthus and the woody willow), close to those of coal. Gil et al. (2015) measured
the grindability of wood chips in terms of particle distribution following pulverisation;
there was a significant enhancement in the grindability after torrefaction, and this was

improved with increasing torrefaction temperature.

The tendency of the torrefaction process to make the particles smaller and more
spherical has the effect of increasing the surface area of the particles. This invariably
leads to a higher combustion efficiency, and more effective co-firing with coal since

the coal and biomass particles are more evenly matched (Tumuluru et al., 2011).

Biomass is composed of hemicellulose, cellulose and lignin (Section 2.2). During
the torrefaction process, these components would undergo changes as the structure of

the biomass disintegrates. C-13 nuclear magnetic resonance (NMR) spectroscopy has
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been used as a tool to look at the effect of torrefaction on the lignocellulosic content
Hemicellulose is the most volatile component; it starts degrading at <225°C and
decomposes completely at moderate torrefaction intensities, i.e. less than 275°C.
Cellulose is more stable, and typically shows marked degradation only at temperatures
in excess of 250°C. Lignin undergoes decomposition over a wide range of
temperatures — it can start degrading at temperatures as low as 200°C, and would

continue to do so at temperatures >300°C (Melkior et al., 2012; Neupane et al., 2015).

Wet torrefaction also results in many of the aforementioned beneficial effects of
dry torrefaction, although the two mechanisms differ. Wet torrefaction is also known
as hydrothermal pre-treatment, in that it uses hot compressed water as a treatment
medium (as opposed to a N2 environment in dry torrefaction). The treatment
temperature range is generally slightly lower than that of dry torrefaction — typically
the process is carried out at 260°C or lower. The pressure is maintained at about 700
psi. Both dry and wet torrefaction result in the formation of a solid product as well as
evolved gases. The difference is that wet torrefaction also results in an aqueous
solution being formed, consisting primarily of dissolved sugars. However, for the
purposes of combustion/co-firing, the focus lies on the characteristics of the solid
product. A comparison of the mass and energy fractions of the solid products is given

below in Table 2-6 (Yan & Acharjee, 2009):
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Table 2-6: Mass and energy yields of dry and wet torrefaction

Dry torrefaction Wet torrefaction
Mass yield 60-80% 55-90%
Energy yield 70-90% 80-95%

Yan & Acharjee (2009) carried out a comparative study on the effects of both dry
and wet torrefaction on loblolly pine, a form of woody biomass. Both processes share
the positive effects of torrefaction which have been discussed in depth earlier, but the

magnitudes of the changes differ between the wet and dry techniques.

With regard to hydrophobicity, wet torrefaction was observed to cause a greater
increase. The equilibrium moisture content (EMC) was used as a measure of
hydrophobicity — a lower EMC translates to a greater resistance to moisture uptake,
which is more desirable. At a relative humidity of 84%, the EMC of the raw biomass

decreased from 16% to 9% and 5%, following dry and wet torrefaction, respectively.

Table 2-7 and Table 2-8 show the energy and mass yields, and the ultimate analyses
of the solid products obtained, respectively, from the wet and dry torrefaction (Yan &
Acharjee, 2009). The dry technique increased the C content by 1-9% (depending on
the treatment temperature utilised), while the wet technique increased it by a much
more significant 9-43%. The O and H content were altered by much smaller
percentages in both scenarios. It can be inferred directly from these observations that
the decrease in H/C and O/C ratios would be much greater in the case of the wet
method — this is ascertained by calculating the actual H/C and O/C ratios using the data
from the analyses in Table 2-8. As explained before, these ratios have a direct impact
on the heating value. The expected trend in the heating value is established by the

actual measured values — higher energy densification ratios (which is a measure of the
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increase in heating value due to the torrefaction process) are achieved when the wet
torrefaction is carried out. With respect to the mass yield, no significant differences

are observed between the two methods.

Table 2-7:Energy and mass yields of pine biomass following torrefaction (Yan & Acharjee, 2009)

. Energy
Temperature | Mass yield HHV e Energy
Pre-treatment C) (%) (callg) densm(?atlon yield (%)
ratio
200 88.7 5043.3 1.08 95.8
Wet . 230 70.6 5276.8 1.13 79.8
torrefaction
260 57.0 6342.5 1.36 77.5
250 838 5005.4 1.07 89.7
bry. 275 742 5207.2 112 83.1
torrefaction
300 60.5 5627.4 1.21 73.2

Table 2-8: H/C and O/C ratios of pine biomass following torrefaction (Yan & Acharjee, 2009)

Pretreatment Tem?fg)"‘t“re C(®) | H®) | 0(%) | HIC oIC
Raw biomass 50.25 597 | 4334 | 0119 | 0862
Wet torrefaction 200 54.72 6.03 3911 | 0110 | 0715
230 56.05 594 | 37.92 | 0106 | 0677

260 72.07 49 2289 | 0068 | 0318

Dry torrefaction 250 50.73 6.21 42.94 0.122 0.846
275 52.27 613 | 4145 | 0117 | 0793

300 54.81 594 | 3911 | 0108 | 0.714
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Hence, this study concludes that although both torrefaction strategies result in an
improvement in the solid biomass fuel for combustion/co-firing purposes, wet
torrefaction is the more favourable option based on hydrophobicity and energy density.
More extensive research has to be carried out with respect to the advantages and

drawbacks of each technique.

2.5.2.3 Effect of torrefaction parameters on fuel properties

Another important feature of torrefaction that was highlighted in this study was the
effect of torrefaction temperature on the properties of the solid product obtained. With
reference Table 2-8, it can be seen that an increase in the process temperature leads to
a reduction in the H/C and O/C ratios, and hence an increase in the heating value of
the torrefied fuel. However, the increasing temperatures also lead to a reduction in the
mass yield (there is a greater mass loss due to loss of moisture and volatile
components), which in turn causes a reduction in the energy yield. This trend was true
in both the dry and wet treatments. Sadaka & Negi (2009) investigated the effects of
torrefying temperature as well as residence time of the biomass at this temperature.
Increasing temperature and residence time were found to cause greater moisture loss
and an increase in the amount of fixed carbon, which relates to the observed increase
in the heating value, which corroborates with the findings of Yan & Acharjee (2009).
Grindability characteristics also appear to improve with increasing temperature and
residence time (Bridgeman et al., 2010; Gil et al., 2015). This is also illustrated in

Figure 2-3 (adapted from Yan & Acharjee, 2009).
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Figure 2-3: Effect of torrefaction temperature on grinding energy consumption (adapted from Yan &
Acharjee, 2009)

Hence, it can be seen that an optimal treatment temperature and residence time
should be found, to strike a balance between heating value, mass and energy vyields,
and grindability. This issue is further compounded by the fact that the extent to which
the torrefaction occurs varies with different types of biomass under similar process
conditions. Woody biomass tends to have higher mass and energy yields than
herbaceous biomass; this can be attributed to the varying proportions of cellulose,
hemicellulose and lignin, each of which has its own pyrolysis characteristics
(Bridgeman et al., 2008). However, torrefied herbaceous biomass would have better
grindability than torrefied woody biomass when subjected to the same treatment. This
emphasises the need to optimize the torrefaction temperature and residence time in

order to bring the properties of the biomass as close to coal as possible.
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2.5.3 Mechanical pre-treatment
2.5.3.1 Grinding/milling

Following torrefaction, the inevitable next stage of pre-treatment would be
mechanical grinding. Also, improvement in grindability characteristics is one of the
incentives for carrying out torrefaction. As explained in the previous section,
mechanical size reduction by grinding/milling is an important requisite, especially for
co-firing biomass with coal. This is in order to allow a closer match in particle size
distributions between coal and biomass, which in turn would improve blending
characteristics and would result in more even combustion of the blend. This, together
with the increase in total surface area of the biomass particles, would increase the

efficiency of the combustion process (Kargbo et al., 2009; Tumuluru et al., 2011).

2.5.3.2 Pelletizing

One of the main problems involving the use of biomass as a fuel is its low density,
which leads to high handling and transport costs. This is a major factor which would
limit the large-scale use of biomass for energy production. Pelletizing is a mechanical

compacting process which has been shown to address this issue.

The pelletizing process consists of three main stages — drying, grinding/milling and
compaction. The moisture content of the biomass is first reduced to about 10% by
weight. A variety of drying equipment are available to carry this out including rotary
drum dryers, superheated steam dryers and belt dryers. Following this, the mechanical
size reduction can be carried out by using, for example, a hammer mill. A press mill
is then used to compact the dried and milled biomass particles into pellets of the
required size. The particles are bound together by moisture and natural binders which

are released from the biomass itself due to heat; artificial binders and stabilizers may
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also be added. The pellets are then cooled to about 5°C, which causes further

hardening.

As mentioned earlier, pelletizing has the effect of increasing the density of the
biomass. Typical densities of raw biomass is approximately 40-150 kg/m® and 300-
700 kg/m? for herbaceous and woody biomass species, respectively. Biomass pellets
can have densities in the range of 1000-1400 kg/m?3. Since there is virtually no loss in
the energy content of the biomass during the pelletizing process, this translates to an
increase in the energy density. Since less volume is occupied by the biomass providing
the same quantity of energy, there is subsequently a reduction in transportation, storage
and handling costs. Another consequence of the pelletizing process is that the varying
moisture content of the raw biomass is reduced and made more uniform. Also, the
homogeneity of the pellets with regard to size and structure means that they can be
used in existing automated feeding systems (which have been designed with
standardized particle size limits) in industrial combustors (Stelte et al., 2011a; Stelte

etal., 2011b).
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2.5.4 Biological pre-treatment

Biological treatment is currently being investigated mainly for the production of
biofuels such as ethanol, and any application on biomass intended for combustion/co-
firing is speculative. Pérez et al. (2002) and Sindhu et al. (2015) have presented
reviews of the biodegradation of lignocellulose (a major component of biomass). A
variety of fungi and bacteria produce enzymes which break down lignocellulose into
more elementary components. The focus is on the use of this process for the production
of biofuels such as ethanol, and also in the pulp and paper industries. Kirk & Cullen
(1998) also discussed the biological break-down of wood by enzymes secreted by
certain fungi. Future research can be carried out on the possible use of these biological
processes in the pre-treatment of biomass that is to be fired/co-fired in conventional
boilers. Potential benefits of biodegradation into simpler components include easier
leaching out of undesirable elements in biomass (such as K, ClI, toxic elements, etc.),
improved fuel conversion efficiency, and reduced energy requirements for mechanical

processing.
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2.5.5 Energy/cost considerations

One important aspect that has to be considered with respect to pre-treatment is the
overall energy/efficiency benefit. Although the higher energy density of the pre-treated
fuel translates into lower storage and transportation costs, energy is also consumed in
the treatment processes (particularly in grinding, torrefaction, and compaction). Also,
about 10% of the calorific content of the straw was found to be lost during leaching.
However, pre-treatment is necessary to overcome the issues inherent to energy
extraction from biomass. Kargbo et al. (2009) emphasized on the need for a detailed
economic analysis to be carried out. Such an analysis would enable to optimize the
pre-treatment procedures to be carried out (for instance, which methods should be
applied and how much of energy should be spent on it), in order to obtain the best
cost/benefit balance. This is especially important since ultimately, economic

considerations are a primary driving factor in industrial applications.

Torrefaction and pelletisation are both taking their first steps towards
commercialisation, with several commercial-scale demonstrations appearing over the
past five years. For instance, Topell Energy in the Netherlands operates a multi-reactor
torrefaction system that can produce up to 10 tons/hour of torrefied biomass, and is
claimed to be flexible with respect to the type of biomass (Topell Energy BV, 2015).
A test run was carried out where 2300 tons of pelletised, torrefied biomass supplied by
Topell was successfully co-milled and co-fired — up to 25% biomass — in a power plant
in the Netherlands (ECN, 2014). A detailed economic case study was carried out based
on Topell’s torrefaction system to examine the feasibility of torrefied wood pellets vis-
a-vis untorrefied wood pellets (Koppejan et al., 2012). The model included the cost of
pelletisation and torrefaction at plants in North America, land and sea transport to

Europe, and co-firing at a pulverised coal power plant. Various financial and
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operational factors were also taken into account. The untorrefied and torrefied pellets
had a final cost of approximately 13 USD/GJ and 10 USD/GJ, respectively. It was
found that the additional cost of torrefaction is more than compensated for by the lower
milling and transport costs, owing to the improvement of the grindability and energy
density. A typical coal cost at the same power plant is approximately 5 USD/GJ. The
extra cost associated with co-firing is essentially the price paid for reduced CO:

emissions.

Table 2-9 presents a summary of the major biomass pre-treatment techniques

which have been discussed in this section.
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Table 2-9: Summary of major pre-treatment techniques

Pre-treatment technique

Benefits of application

Leaching

Reduces content of elements such as Na, K, CI

Reduces total ash content

Increases ash fusibility temperature

Hence reduces slagging/fouling problems during combustion

Increases heating value

Torrefaction

Reduction in moisture

Increase in heating value

Increases hydrophobicity

Improves grindability characteristics

Improves flowability and handling characteristics

Increases total surface area of particles — higher combustion
efficiency

Grinding/milling

Improves blending characteristics
Increases total surface area of particles

Hence increases combustion efficiency

Pelletizing

Increases energy density
Hence reduces transport, storage and handling costs
Reduces moisture content

Increases homogeneity with respect to size and structure
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2.6 Combustion modelling

2.6.1 Overview

Historically, progress in the field of combustion technology — particularly with
traditional fossil fuels such as coal — has been dependent on empirical data. This data
can be sourced from either large-scale plants or laboratory/pilot-scale experiments. A
limited number of measurements (such as those of effluent samples) can be obtained
from large-scale plants, and they are also restrictive in terms of the range of process
parameters. Smaller-scale experimental rigs solve these two issues, but have the
disadvantage of questionable applicability when the results are extrapolated.
Combustion modelling provides an intermediate stage in the process of designing and
improving of combustion systems, whereby the two modes of empirical data can be
linked (Eaton et al., 1999). For a model’s predictions to be useful, they should be
validated against experimental data. However, the usage of modelling allows confident
predictions to be made using a small pool of experimental data, thus representing a
cost saving (Barnes, 2014). Table 2-10, reproduced from Barnes (2014), illustrates the
advantages and disadvantages of CFD modelling compared to experimental

investigations.

Table 2-10: Comparison of experimental and CFD investigations

Experiments

Simulations

Quantitative description of flow phenomena
using measurements

* For one quantity at a time;

« At a limited number of points and time
instants;

* For a laboratory-scale model;

« For a limited range of problems and operating

conditions

Quantitative prediction of flow phenomena
using CFD software

* For all desired quantities with high resolution
in space and time;

* For the actual flow domain,;

* For virtually any problem and realistic

operating conditions

Error sources: measurement errors, flow

disturbances by the probes

Error sources: modelling, discretisation,

iteration, implementation
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As stated by Williams et al. (2002), there has been a shift of the desired outcome
of combustion modelling from mere qualitative trends to quantitative results. This is
due to the advent of more detailed models describing the combustion process, which
in turn was made feasible by the ever-increasing power and capability of computer
systems. The state of the art of coal combustion modelling described by Douglas
Smoot (1984) three decades ago explicitly recognised its minimal applicability in
practical industry at the time. Fifteen years later, computational fluid dynamics (CFD)
models have been applied with increasing accuracy in sub-scale as well as industrial-
scale coal furnaces (Brewster, 1996; Eastwick et al., 1999; Gera et al., 2001; Jones et
al., 1999). CFD research then progressed to encompass modelling of blends of
different coals (Backreedy et al., 2005b; Sheng et al., 2004). Current research in coal
combustion modelling is at an advanced state, investigating detailed issues such as
toxic and trace elements (James et al., 2014; Jassim, 2015) and boiler erosion (Pillai,

2014).

However, CFD expertise in biomass and coal/biomass blends has been lagging
relative to that of coal. Biomass combustion/co-firing in itself has its share of issues
(as seen in Section 2.4), and so has its computational modelling. The thermochemical
structure of biomass adds to the complexity of the model (Stroh et al., 2015). Also,
the size and shape of the particles potentially has a more significant effect in the
modelling of biomass, as opposed to coal; this is a consequence of internal heat transfer
within the particles (Gubba et al., 2011; Gubba et al., 2012). Finally, the difference in
moisture content between biomass and coal has to be taken into account. In contrast
to coal, where the drying and devolatilisation are merged into a single step, biomass
(especially types with high moisture contents) could potentially require a separate

drying step in the model (Williams et al., 2001).
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2.6.2 CFD sub-models

The fundamental principle behind the CFD modelling of coal/biomass
(co)combustion is the conservation of mass, momentum, energy and species. These
conservation equations are solved for the fluid (continuous) and particle phases using
discretisation methods, of which volumetric discretisation is the preferred method
(Wang & Yan, 2008). A CFD model encompasses sub-models which deal with
different aspects of the fluid and particle phases. Some of the fundamental sub-models

are outlined in the following sub-sections.

2.6.2.1 Particle phase

Particle motion and heating

A significant contributor to different behaviour of biomass particles with respect
to coal particles is that they are typically larger in size and lower in density compared
to pulverised coal particles. This affects the motion and the heating of the biomass

particles.

The simplest particle sub-models involve treating both coal and biomass particles
as spheres, as done by Yin et al. (2010) in modelling coal/straw co-firing. This can be
justified if the particle size is less than a few hundred pum; the mean diameter of
pulverised coal particles is less than 100 pum (Yin et al., 2004). The spherical
assumption affects the drag force on the simulated particle and hence its movement in
the fluid phase (Morsi & Alexander, 1972). In the context of particle heating, the
spherical/isothermal sub-model implies the assumption that there is a uniform
temperature inside the particle; a simple heat transfer occurs at the surface of the
particle by convection and radiation, until the particle temperature reaches the

vaporisation temperature (Tabet & Gokalp, 2015).
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One method of taking into account the effect of irregular shape of biomass particles
on their movement is the use of a shape factor. The shape factor is defined as the ratio
of the surface area of a sphere having the same volume as the particle to the actual
surface area of the particle (Haider & Levenspiel, 1989). This approach has been
utilised by several co-firing studies involving woody and herbaceous biomass
(Backreedy et al., 2005a; Bhuiyan & Naser, 2015; Ma et al., 2007; Nikolopoulos et al.,

2013).

More complex alternatives for the isothermal heating model have been suggested
for biomass particles (Gubba et al., 2011; Lu et al., 2010; Yang et al., 2008; Yuen et
al., 2007). These models involve discretisation of the particle and establishing the
temperature gradient within the particle. The spherical/isothermal model was
suggested to be inadequate by Lu et al. (2010) when the particle size exceeds 300 um,

while Yang et al. (2008) identified the threshold to be 200-250 pum.

Devolatilisation
The particle devolatilisation sub-models available can be classified into lumped

models and distributed models (Sharma et al., 2015).

Lumped models
In lumped models, the reaction products are grouped into gas, tar and char. These

are the most commonly used devolatilisation models (see Table 2.11).

The constant rate model is the simplest, where the volatiles are released at a steady
rate. Hence, only this single parameter has to be defined in the model. Pillai (1981)
determined this rate to be 12 s for coal. However, this rudimentary model is not in
widespread use today as it can be considered oversimplified given the current state of

computational power.

59



The single first-order reaction model (SFOR) determines the devolatilisation rate
to be dependent on the amount of volatiles remaining. It employs a single Arrhenius
correlation, and hence requires two parameters to be defined — the exponential energy
(E) and the pre-exponential factor (A) (Badzioch & Hawksley, 1970). This model is
widely used for predicting the devolatilisation of a range of biomass including olive
waste (Alvarez et al., 2014), sawdust (Bonefacic et al., 2015), straw (Yin et al., 2010;
Gubba et al., 2012), palm kernel (Gubba et al., 2011) and cardoon (Nikolopoulos et

al., 2013) in co-firing modelling studies.

The two competing rates model (also known as the Kobayashi model (Kobayashi
et al., 1977)) sees widespread use in the modelling of coal devolatilisation (Gu et al.,
2014; Son & Sohn, 2015; Park et al., 2015b; Zhou et al., 2014). A few recent studies
have attempted to apply the Kobayashi model to biomass as well (Ghenai & Janajreh,
2010; Li, 2014). This model consists of two parallel devolatilisation reactions, of
which one becomes more dominant at higher temperatures. Each reaction is of the first
order Arrhenius form, and hence four fundamental kinetics parameters need to be
defined — the exponential energy (E) and the pre-exponential factor (A) for each

parallel reaction (Kobayashi et al., 1977).

Distributed models

Distributed models, also known as network models, utilise the chemical structure
of the fuel. They are more detailed than lumped models and have the advantage of
being able to predict the composition of the volatiles (Tabet & Gokalp, 2015; Williams

et al., 2000).

The FG-DVC model was originally developed for coal, and features both a

functional group (FG) component for predicting gas yields and a depolymerisation,
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vaporisation, crosslinking (DVC) component for char/tar formation (Solomon & Serio,
1994). This model was adapted by Chen et al. (1998) for use with biomass. Ma et al.
(2007) utilised this model — subsequently named FG-biomass — in a biomass-only
combustion study, while Backreedy et al. (2005a) did so in a co-firing study; in both

cases, woody biomass was used in a 1 MW combustion facility.

Niksa (2000) presented another devolatilisation model known as bio-

FLASHCHAIN, which is based on the depolymerisation of chain macromolecules.

The chemical percolation model (CPD) was originally developed for coal (Fletcher
et al., 1990). It uses information regarding the structure of the coal, obtained from
nuclear magnetic resonance (NMR). This method was later adapted to cover
hemicellulose, cellulose and lignin — the major components of biomass (Sheng &
Azevedo, 2002). This modified method — called bio-CPD — has been used by Wan et
al. (2015) and Wang et al. (2015) to model devolatilisation in coal/biomass co-
pyrolysis studies. Wang et al. (2015) recognised the potential applicability of the

pyrolysis study results to future co-firing studies.

Char combustion

There are three sub-models which are commonly used to describe the
heterogeneous solid-gas combustion (see Table 2). The simplest is the diffusion-
limited rate model, where the rate of the reaction at the surface of the particle is
governed by the rate at which gaseous oxidant diffuses to this surface. The
kinetic/diffusion-limited rate model incorporates the reaction kinetics (in the form of
an Arrhenius equation of which the activation energy E and pre-exponential factor A
have to be defined) as well, in addition to the diffusion rate. The intrinsic model, also

known as Smith’s model, is similar to the kinetic/diffusion-limited model in that it
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includes both diffusion and Kinetics effects. However, a more elaborate equation is
used to calculate the kinetics effect; this utilises the intrinsic chemical and pore
diffusion rates (ANSYS Inc., 2011a). Alvarez et al. (2014) used another possible sub-
model known as the multiple-surface-reactions model. Here, a custom char
combustion mechanism involving several surface reactions can be defined, with the
reaction kinetics being input for individual reactions. The overall combustion rate
depends on diffusion as well as these individual reactions. In contrast, the first three
sub-models (diffusion-limited, kinetic/diffusion limited and intrinsic) use a single-step

char burnout reaction.

2.6.2.2 Continuous phase
There are three fundamental facets to the modelling of the continous/fluid/gas
phase — turbulence, chemistry and the turbulence-chemistry interaction (ANSY'S Inc.,

2011a; Tabet & Gokalp, 2015).

A range of turbulence sub-models are available in commercial CFD code, which
are based on Reynolds-Averaged Navier Stokes (RANS) methods; RANS essentially
involves expressing the fundamental equations of fluid flow (Navier-Stokes equations)
with a time-averaged component and a fluctuating component. RANS-based
turbulence sub-models include Spalart-Allmaras (one governing equation), k-¢ (two
equations), k-w (two equations) and Reynolds Stress Model (most complex with five
equations) (ANSYS Inc., 2011a). The most commonly-used ones for co-firing
applications are the three variations of k-¢ (standard, RNG and realisable) (Tabet &
Gokalp, 2015; Wang & Yan, 2008). Recent studies have favoured the realisable k-¢
variation, touting its pragmatic compromise between accuracy and computational
demand, and better convergence of the solution (Black et al., 2013; Li et al., 2009;

Park et al., 2015a; Rezeau et al., 2012).
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The chemistry model (reaction mechanism) that can be used is dependent on the
turbulence-chemistry interaction that is selected. The eddy dissipation model (EDM)
and its derivative finite rate/EDM is suitable for one-step and two-step chemistry
models; the eddy dissipation concept (EDC) model should be used if more than two
steps are involved in the chemistry model (ANSYS Inc., 2011a). EDM and finite
rate/EDM are the most commonly employed sub-models for co-firing, followed by
EDC (see Table 2.11). Another, albeit less-used, approach is the use of mixture-
fractions, where a chemical equillibrium system is assumed; this has been

demonstrated by Ghenai & Janajreh (2010) for modeling wheat straw combustion.

Table 2-11 presents a bibliographic compilation of recent biomass combustion/co-

firing CFD studies.
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Table 2-11: Recent biomass combustion/co-firing modelling studies

Turbulence-
. Devolatilisation sub- Char combustion sub- Turbulence sub- chemistry .
Biomass type . . Radiative sub-model Reference
model model model interaction sub-
model
Straw SFOR (biomass) Diffusion-limited Std. k-¢ EDM DO (Discrete ordinates) (Yinetal., 2004)
FG-biomass (biomass) o (Backreedy et al.,
Wood Intrinsic RNG k-¢ EDM P-1
FG-DVC (coal) 2005b)
. o . ] (Ghenai & Janajreh,
Wheat straw Kobayashi (both) Intrinsic RNG k-¢ mixture-fraction P-1 2010)
] o Std. k-¢ EDM _
Straw SFOR (biomass) Diffusion-limited ) DO (Yinetal., 2010)
Realisable k-¢ EDC
Wood
o Std. k-¢
Palm kernel SFOR (both) Intrinsic EDC DO (Gubba et al., 2011)
RNG k-¢
expeller
Straw SFOR (biomass) Kinetic/diffusion-limited Realisable k-¢ EDM DO (Gubba et al., 2012)
) S o (Nikolopoulos et al.,
Cardoon SFOR (biomass) Kinetic/diffusion-limited Std. k-¢ Finite rate/EDM P-1 2013)
] SFOR (biomass) Multiple surface )
Olive waste ] RNG k-¢ EDC DO (Alvarez et al., 2014)
FG-DVC (coal) reactions
Spruce SFOR (biomass) S ) o (Bonefacic et al.,
] Kinetic/diffusion-limited [Undefined] Finite rate/EDM DO
sawdust Kobayashi (coal) 2015)
Global custom 5-step reaction mechanism based on
Sawdust k-m-sst EDM DO (Stroh et al., 2015)

first-order kinetics
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2.7 Jatropha curcas

Currently, most research on Jatropha curcas focuses on the extraction and use of
oil from the Jatropha seed as an alternative to diesel (Fernandes et al., 2015; Fernandez
et al., 2015; Go et al., 2016; Tambunan et al., 2012). The oil can be used directly in
certain diesel engines, or it can be processed into conventional biodiesel
(Sricharoenchaikul & Atong, 2009). Unprocessed Jatropha oil has seen successful use
in diesel engine trials, and has shown low exhaust emissions compared to fuel-oil
obtained from other vegetation sources, and has also shown favourable power outputs
and fuel consumption figures when compared to conventional diesel. For use in higher-
speed diesel engines (for instance, those used in road vehicles), the oil has to be

transesterified by using methanol or ethanol (Gibitz et al., 1999).

However, the yield of fuel oil is only about 18% by mass of the dry Jatropha fruit.
Approximately 38% by mass of the fruit consists of the shell, while 40% of the seed’s
mass comprises the husk. During the production of oil/diesel from Jatropha, a
considerable amount of biomass is discarded as waste, and there is the potential to
extract energy from this waste as well via other means. This would maximise the usage
of the Jatropha fruit, and could possibly double or triple the total energy yield from

the fruit (Singh et al., 2008).

It has been suggested that the seed cake can be used for biogas production via
gasification (Basili & Fontini, 2012; Pandey et al., 2012). Laboratory- and pilot-scale
studies using Jatropha seed cake as a gasification feedstock have been carried out by
Christodoulou et al. (2014), KSrividhya et al. (2010) and Vyas & Singh (2007).
Recently, Sharma & Sheth (2015) successfully applied pyrolysis to Jatropha seed cake
to produce bio-oil using laboratory-scale apparatus. However, there is a dearth of

information on using combustion as an energy conversion method for Jatropha seed
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cake, particularly with respect to co-firing and electricity generation. Peng & Zhou
(2014) proposed in their life cycle analysis that use of Jatropha outside biodiesel
production — specifically, for bio-electricity generation — is necessary to make the total

energy yield of the plant significant.

Characterization of a fuel is an important prerequisite to determining the feasibility
of its application. Doshi et al. (2014) performed a characterisation study on the residue
left after Jatropha whole seeds, kernels and hulls had been milled and de-oiled using
solvent (hexane) extraction. The proximate and ultimate analyses, lignocellulosic
content and the calorific value are reported in Table 2-12. For comparison, the
available characterisation data of untreated (no oil extraction) Jatropha seed hulls from
Singh et al. (2008) is also shown. Doshi et al. (2014) also performed an inorganic
elemental analysis (using X-ray fluorescence spectrometry — XRF); based on the
calculated base-to-acid ratio, it was suggested that the Jatropha seed residue would be

prone to ash deposition problems such as slagging and fouling when combusted.
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Table 2-12: Characterisation of Jatropha seeds (Doshi et. al, 2014; Singh et. al, 2008)

(S'i\'nogf]"et”;'r"’;’ggs) De-oiled (Doshi et al., 2014)

Hull Whole seed Kernel Hull

Moisture (%) 10.75 94 8.7 10.2
Volatile matter (%) 71.01 61.3 66.7 60.2
Ash (%) 3.97 7.1 8.7 4.8
Fixed carbon (%) 24.99 22.3 16.0 24.9
Calorific value (MJ/kg) 16.93 18.61 18.96 17.68
Cellulose (%) - 315 32.9 29.8
Hemicellulose (%) - 22.7 24.9 17.2
Lignin (%) - 4.8 35 8.3

C (%) - 39.8 40.4 42.9

H (%) - 6.2 6.5 5.4

O (%) - 36.3 45.9 41.5

N (%) - 4.0 7.2 0.9

S (%) - 0.56 0.90 0.15

2.8 Concluding remarks

The importance of biomass as a fuel has been gaining increasing attention over the
past decade. Fundamental characterisation of various types of biomass have been
carried out; characterisation is a key initial step in determining the applicability of a

specific biomass type as a feedstock for energy conversion.

Although several energy conversion methods are available for biomass,
combustion is the most widely implemented energy conversion method for biomass at
present. In the short- to medium-term, direct co-firing of biomass with coal is the most

pragmatic approach since it employs the existing combustion facilities with minimal
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modifications. However, studies have established the drawbacks of direct biomass co-
firing in terms of ash deposition issues and problematic blending and co-combustion
behaviour. These are caused primarily by the difference in chemical, physical and
thermochemical characteristics between coal (for which the combustion plants were
initially designed) and biomass. Torrefaction and leaching are biomass pre-treatment
techniques have been identified in recent years as two of the most important methods
of mitigating these problems. These two pre-treatment methods were hence selected
as the focus of the present study; torrefaction and leaching aim to bridge the gap
between coal and biomass in terms of thermochemical and chemical properties,

respectively.

The application of CFD as a tool to predict biomass combustion and co-firing has
been lagging relative to that of coal, caused in part by the fundamental differences
between coal and biomass. However, increasing significance has been given in recent
years to research in co-firing modelling. Although the limitations in some of the
current models have been recognised, this avenue of research is an important step in
understanding the underlying mechanisms and subsequently optimising the co-firing

process.

It is evident that research into the use of Jatropha curcas seed cake as an energy
source is still in its infancy. There is a substantial gap in the research with respect to
its comprehensive characterisation and subsequent pre-treatment, and application of
CFD to evaluate its combustion and co-firing behaviour. With the increasing
recognition of Jatropha seed oil as a viable biodiesel feedstock, an in-depth
investigation into utilising the resulting seed cake in this manner would be a

worthwhile undertaking.
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3 METHODOLOGY

3.1 Introduction

This chapter presents the experimental methods and apparatus which were used in
this study. The chapter begins by outlining the biomass feedstock preparation (Section
3.2). This is followed by the detailed methodology of each experimental technique
employed, i.e. the two pre-treatment methods (Section 3.3), characterisation methods

(Section 3.4) and combustion tests using the drop tube furnace (Section 3.5).

Figure 3-1 shows the overall methodology utilised for this thesis. While the
practical specifics of the individual techniques are described in this chapter, the
experimental design for each phase is outlined in the relevant chapters (Chapters 4, 5,
6, 7). The four elements in UPPER CASE in Figure 3-1 refer to the main phases of the
work, each described in detail in its corresponding chapter. This chapter is devoted
only to the experimental methodology — the combustion modelling methodology is

detailed in Chapter 7.
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Figure 3-1: Overview of methodology used in this thesis.




3.2 Biomass feedstock

The Jatropha curcas seeds were sourced from a plantation in Sepang, Malaysia.
They were dried for 24 h in an oven at 105°C, and double wrapped in large plastic
bags before shipping to the UK. 55 kg of the seed were sent to an external facility
(Statfold Seed Oil Ltd.) for oil extraction. The extraction was carried out by twin-
screw, cold-pressing expellers (Statfold Seed Developments Ltd, 2016). 48.5 kg of
solid residue (seed cake) were obtained, corresponding to an oil yield of 12%. This is

lower than the oil yield of 28-29% reported in the literature (Singh et al., 2008).

The seed cake appeared to consist of two distinct components — hard, dark, rod-
like structures (referred to as “type A” henceforth) in a soft, oily, loose soil-like matrix
(“type B”). The type B comprised of approximately % (by weight) of the total seed
cake. Figure 3-2 (a), (b) and (c) illustrate the seed cake as received, type A only and

type B only, respectively.

The Type A was milled using a Retsch PM100 ball mill (Figure 3-3 (a)). The ball
mill consists of a steel bowl into which approximately 200 ml of the seed cake was
loaded at a time, along with eight stainless steel balls (Figure 3-3 (b)). The securely
closed and clamped bowl was spun inside the milling unit at 400 rpm for 60 s. The
collisions between the steel balls and the seed cake pulverises the caked material. The
milled seed cake was then separated into three particle size fractions. A Retsch AS200
sieve shaker (Figure 3-3 (c)) fitted with three sieves (ASTM standard sizes) were used
for this purpose. The particle size fractions are listed below:

e <1 mm (fine)

e 1 mm—2.36 mm (medium)
e 2.36 mm —4.75 mm (coarse)
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Relatively coarse particle sizes had to be chosen, since using finer meshes proved
problematic due to agglomerated particles clogging the meshes. The wide size
fractions allowed a sufficient amount of type A seed cake to be available within at least
two of the fractions (fine and medium). The type B biomass proved even more
challenging to sieve using fine meshes due to its higher apparent oil content, and was

used as received.

Figure 3-3: (a)(b) Ball mill, (c) sieve shaker used on type A biomass
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3.3 Pre-treatment

3.3.1 Torrefaction

Torrefaction of the seed cake was carried out using a horizontal tube furnace
(HTF). The HTF used was a TSHH 11/90/457 model manufactured by Elite Thermal
Systems (Figure 3-4). It is a split-type furnace with a tube furnace of 90 mm and a
heated zone length of 457 mm, which can reach a maximum temperature of 1100°C.
A quartz reactor tube with an internal diameter of 60 mm was placed within the
furnace. End seals were fitted to the two open ends of the reactor tube, and a N2 gas
supply was connected to one end. A rotameter enabled the gas flow rate to be
controlled. The other end of the tube was connected to a gas scrubber unit filled with
water, which was vented to a fume extractor unit. A schematic diagram of the HTF is

shown in Figure 3-5.

Figure 3-4: Horizontal tube furnace used for torrefaction

For each torrefaction run, approximately 25 g (0.5 g) was measured into a ceramic
“weighing boat”. The weighing boat was placed in the middle of the reactor tube and
both ends of the tube were sealed using rubber bungs. The N2 supply was switched on

and set to 2 I/min (at room temperature). After the N2 flow had been running for 5 min
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(to ensure that Oz is purged out of the reactor tube), the hood of the furnace was closed
and its power supply switched on. The integrated PID controller was used to program
the required temperature profile. For each run, a constant ramp of 10°C/min was used
until the required torrefaction temperature was reached, followed by an isothermal

period for the necessary holding time.

Immediately after the run was completed, the controller switches off the furnace
and the hood of the furnace was opened to accelerate cooling. When the temperature
readout reached 100°C, the N supply is switched off and the sample was removed
from the reactor tube. The sample was reweighed after it had cooled down to room
temperature, and transferred to an airtight plastic bag for storage until subsequent
analyses were carried out. The post-run procedure was standardised across all runs
regardless of torrefaction temperature and holding time, since the pyrolysis process

would continue to occur at the elevated temperatures during the cooling phase.

Split outer body Quartz reactor tube
Seal \l«
\ oSS |
! H
S | — z
< - H <
Waste 0 | T T’ """""""_"R _________________ T Niimnvia
ases to ) ) rotameter
g o Heating coil Sample boat
scrubber Seal
|
PID controller

Figure 3-5: Schematic diagram of HTF used for torrefaction.
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The mass and energy Yyields for each torrefaction run were calculated as follows:

final mass of sample (after torrefaction)

mass yield = x 100 Egn 3-1

initial mass of sample (before torrefaction)

HHYV of torrefied sample x final mass
jeld = 10009 Eqgn 3-2
energy yie HHYV of raw sample x initial mass * %

where the HHV (higher heating value) was measured using a bomb calorimeter

(Section 3.4.2).

3.3.2 Leaching

The leaching process was carried out for 24 h in a Jeiotech BS-21 shaking water
bath (Figure 3-6). For each leaching run, 3.0 g of biomass was weighed and set aside,
and 300 ml of Milli-Q water (with resistivity <0.030 MQ cm) was measured into a
glass jar Figure 3-7. The jars were closed with their lids (to minimise evaporation at
higher temperatures), and placed on the spring rack of the water bath Figure 3-8. The
bath was topped up until its water level was higher than the water level inside the jars.
The PID controller of the bath was then used to set the desired water temperature,
residence time and vibrating speed. The vibrating speed was set to 40 rpm, as this was
found by preliminary tests to provide satisfactory mixing without causing spillage.
After the bath was switched on, a period of 45 min was allowed for the water
temperature to stabilise at the set level. An electrical conductivity (EC) meter (Fisher
Scientific Traceable pen) was used to measure the initial EC in each jar. The
temperature readout of the meter was also used to ascertain that the desired water
temperature had been reached inside the jars. The weighed biomass samples were then

poured, one by one, into the corresponding jars and their lids replaced.

75



Being wsed by
ORLA WILLIAMS
BUDDHIKE MADANAYAKE

Paase do not remove,

Figure 3-6: Shaking water bath used for the leaching runs.

Figure 3-8: Jars with biomass loaded, secured in the water bath.
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EC readings were then taken every hour for the first 6 h, and the last 3 h of the 24-
h period. The loading of the samples into the jars and the taking of the EC
measurements were carried out in the same sequence of jars, so that the time between
measurements was kept approximately constant. The hood of the bath was kept closed
throughout the leaching process, except when loading the samples and taking EC
measurements. At the end of the 24-h period, leachate samples (10 ml) were extracted

from each jar using a syringe and stored in glass vials for analysis.

Following this, the jars were removed from the bath and the solid separated out
by decanting and filtration (Figure 3-9). The filter paper containing the solid was
placed on a steel tray and dried in a vacuum oven at 600C and a gauge pressure of
=900 mbar for 2 h (Figure 3-10). The dried solid was then transferred to open glass
vials and dried for a further 2 h under similar conditions. The vials were then closed

and stored for analysis.
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Figure 3-10: Drying of leached biomass samples in vacuum oven.
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3.4 Characterisation

3.4.1 Thermogravimetric analysis

3.4.1.1 Proximate analysis

Thermogravimetric analysis (TGA) was used to determine the proximate
composition of the seed cake, i.e. the moisture, volatile matter (VM), fixed carbon
(FC) and ash content. The fundamental concept behind this technique is that the
biomass sample undergoes a mass loss in several consecutive stages as it is heated.
These stages correspond to the different proximate components of the biomass being

lost (moisture, VM, FC in that order), with the residual mass being the ash content.

Figure 3-11 shows the TGA unit which was used — a TA Instruments Q500 with a
16-position autosampler (TA Instruments, 2016). It contains a vertical microbalance
that can measure a sample up to 1 g, with a sensitivity of 1 pg. The balance is housed
in a temperature-controlled environment. During operation, the sample is enclosed in
a vertically-aligned furnace. A maximum temperature of 1000°C can be reached. Two
thermocouples which are immediately adjacent to the sample are used to measure the
sample temperature for feedback and control purposes. The TGA unit is interfaced
with a PC with the TA Instruments control software. This software allows control over
the TGA instrument, carries out data logging, and also allows post-processing of the

output.

The empty platinum sample pans (up to 16 at a time) are placed on the autosampler
tray and tared. The samples are then loaded on to the pans. The TGA profile and
sample particulars are programmed into the software, which then manages the multiple

runs automatically.
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Figure 3-11: TA Instruments Q500 used for thermogravimetric analysis (TGA).
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Figure 3-12: Typical TGA trace used for proximate analysis.

Figure 3-12 shows a typical TGA trace obtained from the instrument, processed

using the TA Instruments Universal Analysis software. The distinct weight loss stages

corresponding to each proximate component is shown — moisture, VM and FC in that

order. The residual mass at the end of the run is the ash content.
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The ash content was converted to dry basis, while the VM and FC content were

converted to dry ash-free (DAF) basis:

ash (%)
100 — moisture (%)

dry ash (%) = 100 X

VM (%)

DAF VM (%) =1
VM (%) =100 x 100 — moisture (%) — ash (%)

FC (%)
100 — moisture (%) — ash (%)

DAF FC (%) = 100 X

Optimisation of TGA profile for proximate analysis

Eqgn 3-3

Egn 3-4

Egn 3-5

Preliminary TGA runs were carried out employing the following TGA profile to

determine the proximate composition. This profile was constructed based on the

British Standards guidelines for proximate analysis of biomass (British Standards BS

EN 14774-2:2009, BS EN 15148:2009, BS EN 14775:2009).
e N> flowing at 100 ml/min
o Heating to 105°C at 10°C/min
o Holding at 105°C for 40 min
o Heating to 905°C at 20°C/min
o Holding at 905°C for 7 min
o Cooling to 550°C at 20°C/min
e Air flowing at 100 ml/min

o Holding at 550°C for 120 min

Following this profile, the total time for each run was approximately 235 min. Due

to the relatively large number of individual runs in the presently described main study,

it was desirable to reduce the time taken per run without compromising the quality of
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the results. This optimisation was done by analysing the weight loss curves from the

preliminary TGA runs which employed the original full-length profile (Figure 3-13).

untorrefied

2000
~—200-30
—200-60

Welght (mg)

e 250-0
250-30

250-60
w—300-0

w— 300-30
w—300-60

0 50 100 150 200
Time (min)

Figure 3-13: Weight loss profiles for preliminary TGA runs carried out with full-length temperature profile.

The sections marked by red arrows indicate isothermal regions of no weight loss.
The first such region is in the drying segment of the run. Within 10 min, most of the
moisture has been driven out of the torrefied samples. Leaving a safety margin, the
isothermal stage at 105°C was reduced from 40 min to 20 min. However, it is possible
that the untorrefied biomass can have higher levels of moisture. To ensure the
reliability of the data, the duration of the isothermal drying stage was hence left
unaltered for the untorrefied samples. The other isothermal region where there is a
plateau in the weight loss is the final post-combustion segment of the run. It can be
observed from the TGA outputs that complete combustion is always achieved in

approximately 20-25 min. Hence, this segment was shortened from 120 min to 35 min.

82



Table 3-1 summarises the changes made to the proximate analysis TGA profile. The
per-run time was reduced by 105 min and 85 min for the torrefied and untorrefied
samples, respectively. This translates to a significant reduction in the total time

required for the proximate analysis of all the samples.

Table 3-1: Summary of changes made to TGA profile.

Time interval (min)
Stage Original Modified Modified
g (torrefied) (raw)
Heat t(: 105. Co <10 10 10
10°C/min Drying
Hold @ 105°C 40 20 40
N, Heat tg 905_ C@ 40 40 40
20°C/min Devolatilisation
Hold @ 905°C 7 7 7
Cool to 550°C @
20°C/min ] 0 o e
0, Hold @ 550°C Combustion 120 35 35
Total time 235 130 150

3.4.1.2 Devolatilisation kinetics
The TGA was also used to measure the devolatilisation kinetics. The
devolatilisation reaction can be described by the following the expression (Gil et al.,

2010):

dx _ Eqn 3-6
P k(T). f(x) an

where X is the degree of conversion, t is time in s, f(x) is the reaction model, and k(T)

is the rate constant which is a function of the absolute temperature T (K).
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The degree of conversion is defined as:

L Eqn 3-7
mo - mf

where m is the mass of the sample at time t, and mo and ms are the mass at the beginning
and end of the devolatilisation segment in question, respectively. In this study, mo was
taken to be the dry mass of the sample, while ms was the final mass of the sample at
the end of the TGA run. The value of (mo — m) gives the mass of volatiles released up
to time t, while (mo — my) is the total mass of volatiles released. The ratio x thus

expresses the degree of conversion in terms of the volatiles released.
The rate constant is governed by the Arrhenius law:

k = A. e E/RT Eqn 3-8

where A is the pre-exponential factor, E is the activation energy and R is the universal

gas constant of 8.314 J Kt mol™.

Substituting Equation 3-8 in Equation 3-6:

dx

= = A.f(%). e—E/RT Eqn 3-9
Also,

dx _ dx dT _ dx Eqn 3-10

a-ard P
where £ is the heating rate.

Hence,
d_x — é.f(x). e—E/RT Egn 3-11
dT B
There are several methods present in the literature to solve Equation 3-11 and

determine the activation energy, E. Model-fitting methods only require
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thermogravimetric data at a single heating rate, but are dependent on the accurate
determination of the reaction model f(x) to which the measured data is statistically
fitted. Model-free methods typically require thermogravimetric data from several
heating rates (), but are simpler to implement and are excluded from any errors
introduced by an incorrect choice of reaction model. Regardless of the solution method
employed to determine E, determination of the pre-exponential factor, A, requires a

reaction model to be chosen.

The first-order chemical reaction assumption is typically used in devolatilisation

studies (Gil et al., 2010):
f(X) = —ln(l - X) Egn 3-12

The method developed by Coats & Redfern (1964) is a widely-used model-fitting
method used to calculate the kinetic parameters of devolatilisation. This method offers

an approximate solution to Equation 3-11 as:

In (ZE?) = n (2_2) (1 — g) _ % Egn 3-13

It can be assumed that 2RT<<E (Damartzis et al., 2011). Hence, Equation 3-13 can be

simplified to:

In (M) =In (ﬂ) — i Egn 3-14
T? BE RT

A straight line is fitted to a plot of In(-In(1-x)/T?) against 1/T. From the gradient and
y-intercept of the fitted line, the activation energy and pre-exponential factor,

respectively, can be calculated.
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The devolatilisation segment of the TGA traces used for proximate analysis was
used to extract the devolatilisation kinetics using the Coats-Redfern method. A Matlab
program was written (Appendix 1) to read the TGA data files, process them and

calculate the kinetic parameters E and A.

3.4.2 Calorimetry
An IKA C5000 bomb calorimeter (Figure 3-14) was used to measure the higher

heating value (HHV) of samples (IKA-Werke, n.d.). The C5000 is a modular system
consisting of a controller, measurement cell and cooling system. A significant portion

of the measurement procedure is automated.

The sample is placed in a combustible bag (to prevent dispersion of the sample
when oxygen is pumped in under pressure later) with a known calorific value, as
shown in Figure 3-15 (a); the mass of both the bag and the sample are measured (to
the nearest 0.0001 g) and recorded. The sample bag is secured into a stainless steel
combustion crucible, which is then suspended from the lid of the combustion vessel
(Figure 3-15 (c)). Figure 3-15 (c) also shows the cotton ignition thread (with a known
calorific content) which is tied to the ignition wire so that it is in contact with the
sample bag. The lid/holder is then lowered into the combustion vessel and tightened
shut. The C5010 combustion vessel (Figure 3-15 (b)) is rated for a maximum pressure

of 230 bar.
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Figure 3-16: Control panel of calorimeter with display showing the progress of the run.
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The following input parameters are entered into the controller: the mass of the
sample, the calorific content of the cotton ignition thread, the calorific content of the
combustible bag (calculated manually using the measured mass and specified calorific
value of the bag). Once the combustion vessel is placed inside the measurement cell,
the process is automated. The vessel is filled with oxygen from a 30 bar supply
(99.95% pure), and the measurement cell is filled with water to submerge the vessel.
Once the temperature of the water stabilises, an electric current is supplied to the
ignition wire, which ignites the cotton ignition thread and in turn the sample (the cotton
thread and sample bag are consumables). The progress of the run in terms of
temperature rise is shown on the controller’s display (Figure 3-16). The temperature
rise is measured and used by the instrument, along with the previously entered input

parameters, to calculate the HHV of the sample.

Standard runs using benzoic acid tablets are carried out at regular intervals to
ascertain the calibration of the instrument, and hence the accuracy of the sample
measurements. Two tablets (combined mass of approximately 1.0 g) are used for these
runs; they are a recognised reference material with a known calorific value of 26.460
MJ/kg. The temperature rise caused by combusting this amount of benzoic acid is
about 2.6 K, and that caused by combusting the biomass sample must also be roughly
similar for the measurement to be accurate. Approximately 1.0 g of material was also

used for the sample runs.
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3.4.3 CHON elemental analysis

Ultimate analysis of the samples was carried out in line with the relevant British
Standards guidelines (BS EN 15104). A Thermo Scientific FlashEA 1112 elemental
analyser was used for the measurement (Figure 3-17) (Thermo Electron, 2004). The
unit consists of a furnace where the sample is completely oxidised by applying a
method known as “dynamic flash combustion”. This involves the tin capsule
containing the sample undergoing an exothermic reaction which causes the sample to
oxidise completely at temperatures up to 1800°C. A helium carrier gas transports the
gaseous products of the oxidation through a copper reduction tube; elemental C, H, N,
S are oxidised to CO2, H.O, NOx, SO respectively, and the NOx is subsequently
reduced to N2. The gases are passed through a gas chromatography column which
separates the component products. These components are then measured using a
thermal conductivity detector. Figure 3-18 shows a typical chromatogram obtained
from the instrument. Integration is performed on the chromatogram to determine the

percentage by weight of C, H, N, S. The O content can then be calculated by difference.

The samples are prepared by placing a weighed quantity of material
(approximately 2-3 mg, measured to the nearest 0.001 mg) in a tin container (Figure
3-19 (a)). The container is then folded to form a capsule from which the sample cannot
escape (Figure 3-19 (b)). If S content is required to be measured, a V20s catalyst is
also added; this step was omitted from the present analysis as S content was measured
instead using XRF (Section 3.4.4). The prepared sample capsules are then loaded into

the MAS 200 autosampler (Figure 3-17 (b)).
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Figure 3-17 (a) FlashEA CHON analyser (b) MAS 200 autosampler.

72717 50.55 = FO.ETE 't alt
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Hydrogen

Figure 3-18: Typical chromatogram obtained from the EA instrument.

Figure 3-19: Tin container (a) before sample is loaded, (b) folded into capsule.

The Eager 300 software is used for controlling the instrument, data logging and

subsequent analysis. The run sequence is programmed using this software, in the order

in which the sample capsules were loaded into the autosampler. A typical sequence

would include first a “blank” (an empty tin capsule which provides a baseline for

measurement), a “bypass” (an unweighed sample of the standard reference material to

“condition” the instrument), and one or more “standard” runs. The standard runs are
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carried out with a weighed quantity of a reference material with known CHON
composition. The reference material used was 2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-
yl)thiophene (“BBOT”) sourced from Elemental Microanalysis, which has an ultimate
composition of 72.52% C, 6.09% H, 6.51% N, 7.43% O. The standard runs are used
to plot a calibration curve using the k-factor method (Thermo Electron, 2004). The
“unknown” runs follow the standard runs, employing the biomass samples which need
to be analysed. “Unknown” runs using the reference material (BBOT) are carried out

at regular intervals to ascertain the instrument calibration.

The moisture content of each sample, determined earlier by TGA, was used to

calculate the C, H, N, content on dry basis, by using the following equations (BSlI,

2011b):
Cdry = Cmeasuredxlolo% Egn 3-15
Hary = (Hmeasured - %) X 101(;)—0M Egn 3-16
Nary = NmeasureaX 1010% Eqgn 3-17

where M is the moisture content (%).

The O content (dry basis) was then calculated using the following equation, based

on the assumption that the C, H, N, O, moisture and ash content add up to 100%.
Oary =100 = Cary — Hary — Nayy — A Eqn 3-18

where A is the ash content as determined by TGA.
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3.4.4 XRF spectrometry

X-ray fluorescence (XRF) spectrometry was used to measure the inorganic content
of the solid biomass samples, before and after leaching. The instrument used was a
Bruker S8 Tiger (Figure 3-20)(Bruker Corporation, 2016). XRF relies on the principle
of electron excitation from inner electron shells using X-ray beams. This in turn causes
electron transitions from higher-energy states to lower-energy states, which results in
energy being released as X-rays (“fluorescence”). The wavelength of this fluorescent
radiation is characteristic to individual elements. By measuring the wavelength and
intensity of this radiation, the individual elements and the concentrations in which they

are present in the sample can be measured.

Since the electrons which are involved in the analytical process are from the inner
shells which are not involved in chemical bonding, the measurement is independent of
the compounds in which the elements are present. Hence, no chemical-based sample
preparation is required prior to the analysis and the technique is non-destructive. This
is an advantage compared to contemporary techniques such as ICP-MS (inductively
charged plasma mass spectrometry) which require the sample to be undergo a

hazardous and time-consuming acid digestion prior to the analysis.
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Figure 3-20: Bruker S8 Tiger XRF spectrometer

The samples were loaded into cylindrical plastic containers which have a
transparent Mylar® membrane at the base (Figure 3-21 (a), (b)). It was ensured that
the sample is spread out evenly over the membrane with a depth of about 1 cm. The
sample holders were then secured into steel holders (Figure 3-21 (c)) which are then
loaded into the machine. They contain an orifice at the base, which together with the
transparent membrane allows X-rays to enter and leave the sample freely. An

autoloader mechanism is built-in, and up to 60 samples can be loaded at a given time.

Figure 3-21: (a)(b) Plastic sample container, (c) steel holder with sample container within.
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3.4.5 3C NMR spectroscopy

Solid-state *C nuclear magnetic resonance (NMR) spectroscopy was conducted
on untorrefied and selected torrefied samples. It was used to identify the structural
changes occurring within the biomass during the torrefaction process. These changes
were related in particular to the three fundamental constituents of biomass —
hemicellulose, cellulose and lignin. A high-power cross polarisation (CP) sequence
was used along with proton decoupling on a Bruker Avance 200 NMR instrument
(Figure 3-23). The resonance frequency for 13C was 50 MHz. The sample was spun
at approximately 5 kHz and 2500 scans were accumulated for each run.
Tetrakis(trimethylsilyl)silane (TKS), which has a chemical shift of 3.5 ppm, was used

with each sample run for calibration.

The cylindrical zirconia rotor (Figure 3-22 (a)) was filled with the biomass sample
to be tested. A layer of TKS (which is supplied in a powdered form) was added on top
of the sample. A metal tool (Figure 3-22 (b)) was used to compress the sample + TKS.
This makes the TKS form a waxy seal on top of the biomass sample. This compression
also caused much of the oil present in some samples (particularly the untreated type
B) to be pressed out; this oil was wiped off, and the outside of the capsule cleaned

before continuing. The rotor was then loaded into the machine.

The control panel on the unit shows the speed at which the rotor is spinning. This
spin was increased to approximately 5 kHz by increasing the “drive pressure” and
“bearing pressure”, with the bearing pressure being maintained at twice the drive
pressure. Probe calibration was carried out, following which the analysis of the sample
was initiated. The XWIN-NMR 3.5 software was used to control the acquisition of

data, data logging and subsequent processing.
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Figure 3-23: Bruker NMR system.

Figure 3-24 shows a typical unprocessed spectrum which was obtained. An
exponential multiplication and Fourier transform, followed by phase and baseline
correction were carried out to give the spectrum shown in Figure 3-25. A calibration
along the horizontal axis (chemical shift) is also performed by setting the peak

corresponding to TKS (a small, sharp peak close to 0 ppm) to 3.5 ppm.

95



1.0e+06

-

~5.0e+05

-2.0e+06

0,002 0,004 0,006 0,008 0,010 0,012 0,014 0,016 0,018 0,020 0,022 0,024 0,026 0,028 0,030 0,032

Figure 3-24: Unprocessed NMR spectrum.
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3.4.6 ICP-MS

Inductively charged plasma mass spectroscopy (ICP-MS) was used to measure the
inorganic content (cations) of the leachate samples throughout the leaching study. It
was also used to measure the same of the solid leached biomass during the preliminary

leaching study.

The solid samples had to be digested first since the analysis can only be carried out
on liquids. The reagents used for the digestion was based on the relevant British
Standards guidelines (BS EN 15290:2011), but the quantities of reagent and the
procedure was modified to suit the available apparatus on a trial-and-error basis and
visual inspection. 500 mg (x 3 mg, measured to the nearest 0.1 mg) of sample was
weighed out into a conical flask. 5 ml of 30% hydrogen peroxide, and 13 ml of 65%
nitric acid were added to the flask, and the mixture was heated using a hot plate until
the volume in the flask had approximately halved (approximately 60 min) (Figure
3-26). The hot plate was switched off, and 10 ml of Milli-Q water was added to the
flask to cool and dilute the mixture before it was filtered into a 50 ml volumetric flask.
Milli-Q water was used to make up the volume to 50 ml. The mixture was filtered
again and stored in vials, ready for analysis. Figure 3-27 shows the typical appearance
of the solutions obtained after digestion of untorrefied and torrefied leached samples.
A 1-in-10 dilution using 2% nitric acid was carried out on all samples (digests of solid
samples and liquid leachate samples) prior to analysis. The ICP-MS analysis on the
digested samples was performed by the School of Biosciences using a Thermo iCAP-

Q spectrometer (Figure 3-28)(Thermo Fisher Scientific Inc., 2012).
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Figure 3-26: Digestion of solid samples on hot plate.

Figure 3-28: Thermo iCAP-Q ICP-MS unit.
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3.4.7 lon chromatography

lon chromatography was used to measure the Cl content of the leachate samples
throughout the leaching study. It was also used to measure the same of the solid

leached biomass during the preliminary leaching study.

An aqueous extraction method was used for the solid samples, since CI" ions are
easily dissolved in water. The sample was placed in a mortar and liquid nitrogen was
poured on it. The freeze-dried sample was then ground into a fine powder using a
pestle. 20 mg of the ground sample was weighed and transferred to 2.0 ml Eppendorf
tube, and 1.5 ml of deionised water was added to it (Figure 3-29). The sample was then
incubated at 4°C for 60 min while mixing, heated in a water bath at 90°C for 15 min,
and then centrifuged for 15 mins to separate the solid sample from the liquid extract.
A syringe was used to extract and transfer 0.5 ml of the extract to a sample tube. A 1-
in-10 dilution using Milli-Q water was carried out on all samples (extracts from solid
samples and liquid leachate samples). The ion chromatography was carried out on the
sample by the School of Biosciences using a Thermo Dionex 1CS-1000 instrument

(Dionex Corporation, 2005).

Figure 3-29: Eppendorf tube with biomass sample and deionised water.
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3.5 Drop tube furnace testing
The drop tube furnace (DTF) testing aimed to replicate the high heating rates found

in industrial applications, for instance in pulverised fuel boilers (Ulloa et al., 2005).
Figure 3-30 is a schematic representation of the DTF setup. The DTF consists of a
vertically-aligned ceramic work tube which has an inner diameter of 50 mm and a
length of 1.55 m. A water-cooled feeder probe with an internal diameter of 3 mm is
present at the top of the work tube. At the base of the work tube is a water-cooled
collector probe connected to a cyclone collector where the combusted material is
deposited. The vertical position of the collector probe can be changed in order to vary
the residence time; the probe separation was set to 22 cm in this case, which
corresponds to a residence time of approximately 200 ms as calculated in the DTF’s
operating guidelines. The main gas inlet component flow rates (N2 and O in this case)
and the feeder probe (carrier gas) gas flow rate (N2 at 1 I/min) are controlled by
rotameters. There are three heating units, all controlled via individual Eurotherm

controllers (Figure 3-31) linked to thermocouples present along the work tube:

e Pre-heater — a spirally-wound silicon carbide element around the feeder
probe which brings the temperature of incoming gases close to the desired
operating temperature.

e Main heater — four vertical silicon carbide elements around the work tube.

e Trim heater — two smaller U-shaped elements at the base of the work
tube, which compensate for the water-cooling of the collector probe.

The main gas component flow rates and temperature settings are set as per the
guidelines in the standard operating procedure, and depend on the desired operating
temperature, residence time, and volumetric gas makeup. For the respective settings

of 1300°C, 200 ms and N2(90%)/02(10%) chosen for the runs, the N> and O> flow
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rates were set to 11.1 I/min and 1.23 I/min, respectively. The temperature controllers

were set to 100°C higher than the target temperature, i.e. to 1400°C.

Biomass particles
+ carrier gas inlet

Water-cooled Main gas inlet
feeder probe | " | |___l&——
h ]
| ] = Pre-heater
+—
[ Work tube

f | be—— | Main
v heater

| Ly ||

Water-cooled — |
collector probe

To cyclone collector
and vacuum pump

Figure 3-30: Schematic diagram of DTF.

A weighed biomass sample (3.0 g) was manually fed through the open end of the
feeder probe, which has a funnel attached to it (Figure 3-32 (a)). Care was taken to
make sure that the feeding is slow, controlled and at an even rate. The time taken to
feed the entire sample was measured, allowing the average feed rate to be calculated.
After the run was complete, the combusted sample (char) was collected from the
removable sample pot attached to the cyclone collector, and stored in a glass vial for
subsequent analysis by TGA.
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Figure 3-32: (a) Top of DTF showing feeder probe with funnel attached, (b) bottom section of DTF showing
end of collector probe.
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3.6 Concluding remarks

This chapter outlined the preparation of the Jatropha curcas seed cake and
presented the experimental methods and apparatus utilised during the course of this
research work. The subsequent chapters would present the experimental design and
discuss the results obtained via the methods detailed in this chapter. Chapters 5 and 6
involve the pre-treatment procedures outlined in Sections 3.3.1 and 3.3.2, respectively.
Chapters 4, 5 and 6 utilise the characterisation techniques detailed in Section 3.4.

Chapter 7 would use the results obtained from drop tube furnace testing (Section 3.5).
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4 BIOMASS CHARACTERISATION

4.1 Introduction

This chapter presents the fundamental fuel properties of the untreated type A (<1
mm size fraction) and type B Jatropha curcas seed cake. The data presented in this
chapter establishes a baseline for the untreated biomass, while a more detailed
discussion of how these properties change with pre-treatment, and the practical

implications thereof, are presented in Chapters 5 and 6 accordingly.

The mean values for each property are presented, along with standard deviation
(SD) and coefficient of variation (CV). The CV is the SD expressed as a percentage of
the mean. Since the mean values for each element vary significantly, the CV provides

a more useful representation of the relative variability.

4.2 Proximate analysis

The proximate composition of the seed cake as measured by TGA (six replicate
measurements) is shown in Table 4-1. In addition to the as-measured values, those

calculated on a dry and dry ash free (DAF) basis are also shown.

Comparing the type A and type B seed cake, it can be seen that the type B has a
higher volatile matter (VM) content. Since the most conspicuous physical difference
between the two types is the higher oil content in the type B, this suggests that the oil
has a significant VM content. Among the proximate composition, the moisture content
has the largest CV. Since the mean measured moisture levels are relatively low, even
a variation which is small in absolute terms results in a relatively large CV. With a few
exceptions, the CVs were generally lower for the type A material. This indicates that
the higher compaction undergone by the type A during the pressing process (as

suggested by the lower oil content) increases its homogeneity.
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Table 4-1: Proximate analysis of Jatropha curcas seed cake.

Type A Type B
Mean (% by weight) 3.62 3.92
Moisture SD 0.53 0.44
CV (%) 14.8 11.1

Mean (% by weight) 69.26 75.71
VM SD 0.65 1.88
CV (%) 0.9 2.5

Mean (% by weight) 21.39 16.15
FC SD 0.96 1.63
CV (%) 45 10.1
Mean (% by weight) 5.70 4.21
Ash SD 0.37 0.26
CV (%) 6.5 6.1

Mean (% by weight) 70.87 78.80
Dry VM SD 1.00 1.93
CV (%) 1.4 25

Mean (% by weight) 22.19 16.81
Dry FC SD 0.91 1.70
CV (%) 4.1 10.1
Mean (% by weight) 591 4.38
Dry ash SD 0.36 0.26
CV (%) 6.2 6.0

Mean (% by weight) 76.38 82.40
DAF VM SD 0.98 1.82
CV (%) 1.3 2.2

Mean (% by weight) 23.58 17.58
DAF FC SD 0.97 1.82
CV (%) 4.1 10.3
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4.3 Ultimate analysis

Table 4-2 shows the ultimate analysis for the Jatropha curcas seed cake. Five

replicate measurements were made for each seed cake type.

With respect to the dispersion of the ultimate analysis data, the CV is lowest for C
(although this can partly be attributed to its relatively high mean value). The highest
CV by a significant margin was for the N content. A possible explanation is that
different parts of the seed would have a wide variation in N content due to the
presence/absence of proteins in them, which contain a significant proportion of N.
Even after milling and mixing, this variation would present itself as inhomogeneity
within the seed cake. As with the proximate analysis, the CVs for the type B’s ultimate
analysis is consistently higher than those of type A’s, demonstrating a greater

inhomogeneity within the type B.

Table 4-3 shows the measured C, H, N along with their corresponding CV for both
the untreated seed cake and BBOT (2,5-(Bis(5-tert-butyl-2-benzo-oxazol-2-
yl)thiophene), which is the reference material used for calibration of the instrument.
The measured value of the BBOT deviates from the reference value specified by its
manufacturer by 0.2% or less, and its CV is below 1%. This confirms the accuracy and
precision of the measurement technique for the ultimate analysis, leaving the
inhomogeneity of the seed cake as the most plausible explanation for the variation in

measured values.

106



Table 4-2: Ultimate analysis of Jatropha curcas seed cake.

Type A Type B
Mean (% wt) 49.88 56.37
DryC SD 0.45 0.57
CV (%) 0.9 1.0
Mean (% wt) 6.57 8.05
Dry H SD 0.09 0.39
CV (%) 1.4 4.9
Mean (% wt) 4.83 4.25
Dry N SD 0.59 1.13
CV (%) 12.2 26.6
Mean (% wt) 32.81 26.96
Dry O SD 0.26 1.63
CV (%) 0.8 6.1
Dry H/C Mean 0.13 0.14
Dry O/C Mean 0.66 0.48
Mean (% wt) 53.02 58.95
DAF C SD 0.47 0.59
CV (%) 0.9 1.0
Mean (% wt) 6.99 8.42
DAFH SD 0.09 0.41
CV (%) 1.4 4.9
Mean (% wt) 5.13 4.44
DAF N SD 0.63 1.18
CV (%) 12.2 26.6
Mean (% wt) 34.87 28.19
DAF O SD 0.28 171
CV (%) 0.8 6.1
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Table 4-3: As-measured CHN content of Jatropha curcas seed cake and BBOT reference material.

Type A | TypeB | BBOT (measured) | BBOT (reference)

Mean (% wt) 48.08 54.16 72.70

C SD 0.43 0.54 0.26 72.53
CV (%) 0.89 1.0 0.35
Mean (% wt) 6.33 7.73 6.08

H SD 0.09 0.37 0.04 6.09
CV (%) 1.36 4.85 0.65
Mean (% wt) 4.08 4.65 6.51

N SD 1.09 0.57 0.04 6.51
CV (%) 26.6 12.2 0.54

4.4 HHV

Table 4-4 shows the HHV of the type A and type B biomass, based on three
replicates each. A plausible explanation for the higher HHV of the type B seed cake is
its higher apparent oil content. There was little variation in the HHV measurements
among replicates, with a CV less than 0.5% in both cases. Table 4-4 also shows the
measured HHV of benzoic acid tablets, which is the reference material used for
calibrating the instrument. The deviation of the measured HHV from that specified by
the reference material’s manufacturer was ~0.1% with a CV of 0.3%, which

demonstrates the accuracy and precision of the instrument.

Lower H/C and O/C ratios have been linked with a higher HHV, since C-C bonds
are stronger than C-H and C-O bonds (as explained in detail in Section 2.5.2.2). The
type B has a marginally higher H/C ratio, but a substantially lower O/C ratio as

compared to type A, as seen in Table 4-2 (Section 4.3).
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Table 4-4: HHV of Jatropha curcas seed cake and benzoic acid reference material.

Benzoic acid Benzoic acid
Type A | TypeB
(measured) (reference)
HHV Mean (MJ/kg) 20.764 | 24.055 26.492
SD 0.08 0.13 0.08 26.460
CV (%) 0.4 0.5 0.3

Dry HHV Mean (MJ/kg) 21.5 25.0

SD 0.09 0.13

CV (%) 0.4 05

4.5 Inorganic content

Table 4-5 shows the inorganic content of the biomass. The most abundant
inorganic element present, by a substantial margin, was potassium (K). Since K has
been touted as a major contributor to ash-related issues in biomass combustion, this
indicates that Jatropha curcas seed cake would be liable to these problems if
combusted in its untreated form. With the exception of the XRF-measured P, the type
A biomass has a consistently higher inorganic content than the type B. This
corroborates the relatively higher ash content observed in the proximate analysis of

type A (Table 4-1).

The inorganic composition was measured using two methods — XRF spectrometry
and ICP-MS/IC (ICP-MS for cations and IC for CI). The former is a non-destructive
analytical method while the latter option requires digestion (ICP-MS) or aqueous
extraction (IC) of the solid biomass sample. From Figure 4-1, it can be seen that with
the exception of Mg, the elemental levels detected by the XRF are consistently higher.
This can be attributed to the potentially incomplete digestion/aqueous extraction of the

solid samples prior to ICP-MS/IC. However, the overall trends with respect to the
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relative magnitudes of the inorganic elements and the differences between the type A
and type B, are broadly similar. This suggests that either approach would be suitable
as far as a comparative analysis is concerned. However, XRF would be preferred for
its speed, ability to measure both cations and anions, and the lack of the additional

experimental error introduced by a digestion/extraction step.

Table 4-5: Inorganic content of Jatropha curcas seed cake.

ICP-MS/IC XRF
Type A Type B Type A Type B
Mean (% wt) 2.03 1.75 6.64 5.82
K SD 0.10 0.24 0.11 0.13
CV (%) 4.9 13.9 1.7 2.3
Mean (% wt) 0.46 0.40 0.39 0.30
Mg SD 0.02 0.05 0.04 0.04
CV (%) 5.19 12.6 9.2 11.6
Mean (% wt) 0.23 0.19 0.93 0.86
Ca SD 0.01 0.03 0.03 0.01
CV (%) 4.6 13.9 3.7 0.7
Mean (% wt) 0.28 0.27 0.57 0.53
S SD 0.02 0.06 0.02 0.04
CV (%) 7.79 22.3 3.0 7.7
Mean (% wt) 0.76 0.64 1.36 1.45
P SD 0.03 0.02 0.03 0.06
CV (%) 43 3.7 2.4 4.0
Mean (% wt) - 0.33 0.78 0.78
Cl SD - 0.00 0.11 0.03
CV (%) - 0.9 141 3.8
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Figure 4-1: Inorganic content of Jatropha curcas seed cake.

4.6 Devolatilisation kinetics

Figure 4-2 and Figure 4-3 show the devolatilisation segments of the differential
thermogravimetric (DTG) plots for type A and type B, respectively. An analysis of the
significance of the peaks in these plots is presented in the Torrefaction chapter (Section

5.2.5).

Table 4-6 shows the devolatilisation kinetic parameters obtained from the Coats-
Redfern method (Section 3.4.1.2). Figure 4-4 and Figure 4-5 show the linear regression
plots generated by the Matlab program written to implement the method. The mean R?
value for the regression is also shown in Table 4-6 (values closer to 1 show a good fit
of the data). Four TGA curves were used for each seed cake type, and the mean values

calculated.
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Figure 4-2: Devolatilisation DTG curves of type A seed cake.
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Figure 4-3: Devolatilisation DTG curves of type B seed cake.
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Figure 4-4: Coats-Redfern plots for type A seed cake.
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Figure 4-5: Coats-Redfern plots for type B seed cake
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Table 4-6: Devolatilsation kinetic parameters of Jatropha curcas seed cake.

Type A Type B
Mean (% wt) 63.1 60.7
E (kJ/mol) SD 185 784
CV (%) 0.29 1.29
Mean (% wt) 1193 557
A(sY SD 55 85
CV (%) 4.6 15.3
Mean R? 0.967 0.961

The activation energy E of the type A is higher than that of type B, albeit by a small
margin (~4%). However, the pre-exponential factor A is significantly higher in the type
A, indicating that the overall reactivity is higher in the type A seed cake. In line with
the trends observed throughout this chapter, the CVs are higher for the type B

indicating its inhomogeneity.

The devolatilisation kinetics calculated for the type A biomass were used later in

the combustion modelling study (Chapter 7).
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4.7 Comparison with other biomass varieties

Table 4-7 is a compilation of the thermochemical properties of some commonly-

studied biomass varieties for comparison with Jatropha curcas seed cake.

Table 4-7: Comparison of thermochemical properties of common biomass varieties.

] (% wt) dry basis HHV
Biomass Reference
VM FC Ash C H N O | (MJ/kg)
Jatropha
CUreas 1 7087 | 2219 | 591 | 49.88 | 657 | 483 | 32.81 | 215 | Thisstudy
seed cake,
type A
Jatropha
cureas | 7e80 | 16.81 | 4.38 | 56.37 | 8.05 | 425 | 26.96 | 250 | Thisstudy
seed cake,
type B
Pine chips | 72.40 | 2165 | 595 | 49.66 | 5.67 | 051 | 38.07 | 198
Olive | 6735 | 2548 | 717 | 5418 | 537 | 128 | 317 | 217 (Tortosa
residue 35 > ' 54 S ' ' ' Masia et al.,
2007
Palm | 2208 | 1750 | 514 | 4834 | 62 | 262 | 37.44 | 207 )
kernel
Sugarcane (Channiwala
bg T | 8366 | 1315 | 320 | 4548 | 596 | 0.45 | 4521 | 187 | &Parikn,
g 2002)
Miscanthus | 79.30 | 1554 | 5.16 | 48.87 | 538 | 065 | 3982 | 200 | (Khodieret
al., 2012)
(Yinetal.,
Straw | 7950 | 15.60 | 491 | 47.30 | 568 | 0.54 | 4160 | 185 2010)

Figure 4-6 shows the HHVs of the biomass varieties presented in, plotted against

their O/C ratio. A clear negative trend is observed, as expected (Section 2.5.2.2). A

regular trend was not observed for the H/C ratio. Together with the results from

Section 4.4, this suggests that the O/C ratio has a stronger influence on the HHV of

biomass than the H/C ratio.
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Figure 4-6: Variation of HHV with O/C ratio for different types of biomass

The HHV of the type A seed cake is among the top within the range of biomass
taken from literature. The type B seed cake has an even higher HHV, which is 15%
higher than the second-highest (that of olive cake). The ash content of the type A is
slightly higher than the median value, while that of the type B is towards the lower end
of the range. A high HHV (one that is closer to coal) and a low ash content are desirable

characteristics for a biomass being considered for co-firing.

The thermochemical properties suggest that both types of untreated Jatropha
curcas seed cake considered in this study compare favourably as a fuel to other types
of biomass, with the type B seed cake being relatively more desirable than the type A

in terms of HHV and ash content.
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4.8 Concluding remarks

This chapter presented the key characterisation data for the untreated Jatropha
curcas seed cake, both type A and type B. This included the proximate analysis,

ultimate analysis, HHV, inorganic content and devolatilisation kinetics.

The proximate and ultimate analyses were presented as-measured, in dry basis as
well as dry, ash-free (DAF) basis. The type A and type B had a HHV of 20.76 MJ/kg
and 24.06 MJ/Kkg, respectively. The changes in proximate and ultimate analyses and

the HHV are further explored in the torrefaction phase of the study (Chapter 5).

The inorganic content was measured using both ICP-MS/IC and XRF
spectrometry. The type A had a consistently higher inorganic content, while K was the
most abundant inorganic element in both types of seed cake. The inorganic content
presented in this chapter provides a baseline for comparison with the leached Jatropha

curcas seed cake (Chapter 6).

The devolatilisation kinetics were calculated using the Coats-Redfern method.
This kinetics data, along with the proximate and ultimate analyses and the HHV, would

be used as model inputs for the combustion modelling study (Chapter 7).

The CV was calculated throughout to give an indication of the variability in the
results. The type B seed cake was observed to have a higher variability throughout

most of the characterisation data, indicating a higher degree of inhomogeneity.
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5 TORREFACTION

5.1 Introduction

The aim of this chapter is to investigate the effects of torrefaction on Jatropha
curcas seed cake and establish a set of recommended guidelines for this pre-treatment

process.

Figure 5-1 shows the overall workflow of the torrefaction study. As can be seen,
the torrefaction study was carried out in two phases, primary and secondary. A section
of this chapter is devoted to each phase — Section 5.2 and Section 5.3 for primary and
secondary, respectively. Each section presents the experimental design and results for
each phase. The practical details of the experimental procedures were outlined in
Chapter 3. Since approximately 75% wt of the biomass was of type B, this was the
feedstock used for the primary torrefaction study. A five-level full-factorial parametric
investigation was carried out. The secondary torrefaction study was a less extensive 3-
level full-factorial design utilising the type A seed cake (<1 mm size fraction). Both
studies analysed the fundamental factors of mass yield, HHV, energy yield. The fixed
carbon content was also analysed. However, the primary study also involved a deeper
investigation into the intricacies of the torrefaction process by way of ultimate
analysis, 3C NMR and differential thermogravimetry. The subsequent Section 5.4
discusses the practical implications of the results, and derives a set of guidelines for

the torrefaction of Jatropha curcas seed cake.
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Figure 5-1: Flowchart of overall methodology of torrefaction study.
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5.2 Primary torrefaction study

The primary torrefaction study was carried out on the type B seed cake, since the
bulk of the seed cake obtained after oil extraction was of this type. A 5-level full-
factorial (triplicated) design of experiment was used. The tested torrefaction
temperatures were 200°C, 225°C, 250°C, 275°C and 300°C, while the tested holding
times used were 0 min, 15 min, 30 min, 45 min and 60 min. The run order was
randomised using Minitab 17 statistical software, which was also used for the
subsequent data analysis. Including the replicates, a total of 75 torrefaction runs were

carried out.

The fundamental analysis of the torrefied material was on the basis of the HHV
and the energy yield. The mass yield was calculated using the sample mass before and
after torrefaction. The HHV (higher heating value) was measured using a bomb
calorimeter. The energy yield was calculated using the mass yield and the HHV. The
HHV and energy yield are the main responses used to optimise the torrefaction

process.

Additionally, proximate analysis using TGA (thermogravimetric analysis), CHON
elemental analysis, *C NMR (nuclear magnetic resonance) spectroscopy and DTG
(differential thermogravimetry) was also carried out on the torrefied type B biomass.
The objective of these additional analyses was to investigate the details and mechanics
of the torrefaction process and how it is affected by the torrefaction temperature and

holding time.
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5.2.1 Mass yield, HHV, energy yield

Figure 5-2 and Figure 5-3 show the variation of the mass yield with torrefaction
temperature and holding time, respectively. The error bars for these as well as all
subsequent figures represent the standard error in the means. The mass yield decreases
with increasing torrefaction intensity, i.e. increasing torrefaction temperature and
holding time. This would be the expected observation, since more moisture and
volatiles would be lost as the sample is exposed to a higher temperature for a longer
time. It can be seen that discounting the O min holding time, the mass yield shows an
approximately linear decrease with increasing temperature; as the temperature is
increased from 200°C to 300°C, the mass yield drops by an average of 35% in these
runs. A linear regression model for the non-0 min mass yield data resulted in an R?
value of 0.941 (best-fit for all non-0 points). For the holding time of 0 min however, a
different trend is seen. Here, the mass yield decreases at a much lower rate than the
non-0 min runs as the temperature is increased. However, the trend is non-linear with
the rate increasing at higher torrefaction temperatures. The 0 min holding time reflects
the torrefaction occurring during the heating and cooling segments of each run, since
the “holding time” variable only represents the isothermal residence time. Since a
constant heating rate was used for all runs, the sample is exposed to elevated
temperatures for a longer time when the torrefaction temperature is higher. This would
result in a greater mass loss due to moisture of volatiles, and result in a curve with an

increasing negative gradient.
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Figure 5-4 and Figure 5-5 show the variation of HHV with torrefaction temperature

and holding time, respectively.
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Figure 5-4: Interaction plot for the HHV, grouped by holding time.
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Figure 5-5: Interaction plot for the HHV, grouped by torrefaction temperature.

The HHV responds inversely to the mass yield, i.e. the HHV increases with

escalating torrefaction intensity. This is in fact a primary driver for the consideration
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of torrefaction as a biomass pre-treatment technique. This increase has been explained
in literature on the basis that torrefaction results in a loss of VM. VM lost from biomass
consists of hydrogen gas and light hydrocarbons which have a low C content compared
to H (Vassilev et al., 2010). Hence, there is a substantially greater amount of H and O
lost during torrefaction than there is C (Chen & Kuo, 2010; Chen et al., 2012). This is
reflected in the increased FC and elemental C content observed in the proximate and
ultimate analyses of torrefied Jatropha which will be discussed subsequently in
Sections 5.2.2 and 5.3.3. There is a reduction in the H/C and O/C ratios, and since the
C-H and C-O bond energies are lower than that of C-C, this results in an increase in

the calorific value of the biomass (McKendry, 2002a; Narvaez & Orio, 1996).

Excluding the 0 min runs, the HHV shows an approximate direct proportionality
to the temperature up to ~275°C. A linear regression fit in this segment resulted in an
R? value of 0.892 (best-fit for all non-0 points). The curves flatten beyond this
temperature; this effect becomes more pronounced as the holding time increases. The
mean HHYV (taking into account all holding times excluding 0 min) increases by only
0.64% when the temperature is increased from 275°C to 300°C. Hence, using
temperatures in excess of 275°C would not be beneficial as far as the HHV is

concerned.

Table 5-1 shows how the enhancement of the HHV of Jatropha curcas seed cake
compares with that of some other types of biomass (Ohm et al., 2015; Wannapeera et
al., 2011; Chen et al., 2011b; Phanphanich & Mani, 2011; Deng et al., 2009). All
results are at conditions of 250°C and 30 min. Although other variables such as heating
rate and particle size make a direct comparison less meaningful, the results in Table

5-1 illustrate the range of possible outcomes of the torrefaction process on different
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biomass types at seemingly similar conditions — the HHV enhancement varies from

1% to as much as 30% while that of Jatropha is 16%.

Table 5-1: Comparison of HHV enhancement obtained in recent torrefaction studies.

Biomass HHV Reference
enhancement
Jatropha curcas seed cake (type B) 16% This thesis
Waste wood 2% (Ohm et al., 2015)
Leucaena leucocephala (woody biomass) 1% (Wannapeera et
al., 2011)
. 0 (Chenetal.,
Lauan (woody biomass) 30% 2011b)
Pine chips 9%
(Phanphanich &
Mani, 2011)
Logging residue 13%
Rice straw 5%
(Deng et al.,
2009)
Rape stalk 7%

A regression analysis of the measured HHV in terms of the mass loss — obtained
by subtracting the mass yield from unity — showed a linear fit with an R? value of

0.919. The following regression equation was obtained:
HHV (M]/kg) = 24.55 + (0.15 x mass loss (%)) Eqn 5-1

Similar linear trends were reported by Almeida et al. (2010) and Peng et al. (2013Db)
following the torrefaction of softwood and Eucalyptus wood and bark, respectively .
The corresponding regression coefficients obtained by Peng et al. were 19.48 and 0.15,
which are similar to those presented in Equation 5-1. Carrying out the regression using

the mass loss instead of the mass yield results in an equation in which the constant is
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approximately equal to the HHV of the untorrefied biomass, which is 24.06 MJ/kg
(see Section 4.4). This feature of the regression equation was highlighted by Almeida

et al. (2010).

Figure 5-6 and Figure 5-7show the variation of the energy yield with torrefaction

temperature and holding time, respectively.
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Figure 5-6: Interaction plot for the energy yield, grouped by holding time.
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Figure 5-7: Interaction plot for the energy yield, grouped by torrefaction temperature.
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The energy yield is a function of the mass yield and the HHVs of the untorrefied
and torrefied biomass; the energy yield is directly proportional to both the mass yield
and the HHV of the torrefied biomass since the HHV of the untorrefied biomass is
considered a constant. As the torrefaction intensity is increased, the drop in the energy
yield implies that the enhancement in the HHV is insufficient to compensate for the
decreasing mass yield. For all non-0 holding times, the energy yield drops at a higher
rate as the temperature is increased. When the holding time is 0 min, the trend shows
a higher degree of irregularity; the energy yield shows a marked drop only when the
torrefaction temperature is increased beyond 275°C. The mean energy Yield
(calculated from all non-0 holding times) decreases by 5.5 % when the temperature is
increased from 200°C to 250°C, but drops by a further 14.6 % when the
temperature is increased to 300°C.

Table 5-2 shows the results from an ANOVA (analysis of variance) test that was
carried out on the mass and energy yields as well as the HHV. The 0 min holding time
was excluded from the analysis. A p-value less than 0.05 indicates that a factor or
interaction between factors has a statistically significant effect on the response, i.e.
mass yield, HHV, energy yield. For all three responses, the interaction between
temperature and time is not significant, i.e. the effect of the temperature on the
response is not dependent on the holding time, and vice versa. This is reflected in the

interaction plots, where the non-0 min curves are approximately parallel to each other.

Table 5-2: p- and F-values from ANOVA test of mass yield, HHV, energy yield data.

p-value F-value
] temp*time )
temp time ) ) temp time
interaction
Mass yield 0.000 0.000 0.221 1039.51 60.48
HHV 0.000 0.000 0.060 305.33 14.43
Energy yield 0.000 0.000 0.327 231.62 22.54
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Figure 5-8: Main effects plots for (a) mass yield, (b) HHV, (c) energy yield.
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The p-values for the temperature and time (main effects) are all 0.000. This
indicates that when considered independently, both factors have a significant effect on
the responses. This independent effect is illustrated in the main effects plots for the
three responses in Figure 5-8, which show the mean response for each value of one
factor, irrespective of the other factor. A striking feature of the plots is that the
temperature has a substantially larger effect than the holding time; this is true for all
three responses, i.e. the mass yield, HHV and energy yield. This is evident in Table
5-3, which shows the percentage change in the mean responses when each factor is
increased (independently of the other) from the lower limit to the upper limit. This
observation is corroborated by the F-values in Table 5-2, since a larger F-value is

indicative of a more dominant factor.

Table 5-3: Main effects changes in mean mass yield, HHV, energy yield over full range of factors.

Change in Temperature increased from Holding time increas.ed from 0
200°C to 300°C min to 60 min
Mass yield -31.9% -19.0 %
HHV +17.1 % +10.3 %
Energy yield -20.6 % -11. 3%

5.2.2 Fixed carbon (FC) content
The proximate analysis from the TGA yielded the moisture, VM, FC and ash

contents of the samples. The VM and FC measurements were converted to DAF basis
so to eliminate the variability introduced by the moisture and ash content. Since the
DAF VM and DAF FC are by definition inversely proportional to each other (since
the four components of the proximate analysis should add up to unity), only the DAF

FC is presented.

Figure 5-9 and Figure 5-10 show the variation of the DAF FC with torrefaction
temperature and holding time, respectively.
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Figure 5-10: Interaction plot for the DAF FC content, grouped by torrefaction temperature.

Referring to Figure 5-9 and Figure 5-10, torrefaction at higher intensities causes
the DAF FC to increase. At the median holding time of 30 min, the DAF FC content
increases by 65% as the temperature is increased from 200°C to 300°C. At the extreme
holding times of 0 min and 60 min, it increases by 25% and 90%, respectively. At
higher temperatures, there is a greater loss in the VM; it can be postulated that this is
due to the initiation of certain decomposition pathways which require higher activation

energies. As stated in Section 5.2.1, the lost volatiles consist mostly of low-C
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molecules, and hence a lower fraction of C is lost from the biomass compared to other
elements. This would lead to an increase in the FC content. When comparing Figures,
it can be seen that the effect of holding time on the DAF FC content is less significant
than that of the temperature.

A method to estimate the HHV of solid fuels using their proximate analysis can
prove to be useful tool; proximate analysis using TGA is a common initial
characterisation of a fuel while accurate measurement of the HHV requires additional
equipment. The scatter plot in Figure 5-11 indicates that a there is a likely correlation
between the DAF FC content and the HHV. There have been several past studies which
have derived expressions for carrying this out (Demirbas, 1997; Nhuchhen & Abdul
Salam, 2012; Yin, 2011; Sheng & Azevedo, 2005). In the present case, four regression
models were applied to investigate the relationship between the DAF FC content and
HHYV, and the predicted R-square (pred-R?) value and standard error of regression (S
value) were used to determine the efficacy of each model. The higher pred-R? value is
desirable, as it is an indicator of how well the model can predict a removed observation.
Compared to the standard R? value, the pred-R? prevents over-fitting noise into the
model. The S value indicates the average distance from the observed points to the fitted
line, and a lower value is preferred in this case. Table 5-4 shows the pred-R? and S
values corresponding to the four models, along with the equation coefficients (a, b, c,

d). The four models were:

e Linear: HHV =a + b*(DAF_FC) Eqn 5-2

e Linear logarithmic: HHV = a + b*In(DAF_FC) Eqgn 5-3

e Quadratic: HHV = a + b*(DAF_FC) + c*(DAF_FC)?> Eqn5-4

e Cubic: HHV = a + b*(DAF_FC) + c*(DAF_FC)? + d*(DAF_FC)?
Egn 5-5
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The quadratic and cubic functions possess the best pred-R? and S values. However,

the quadratic function would be the more desirable option since it contains one less

term and is the less complex equation of the two. The four regression models are

graphically represented in Appendix 6 (Figure A6-1).
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Figure 5-11: Scatter plot of HHV against DAF FC content.
Table 5-4: Regression coefficients and statistics for HHV vs DAF FC.
Linear Linear logarithmic Quadratic Cubic
pred-R? 0.7998 0.8269 0.8377 0.8362
S 0.8834 0.8240 0.7968 0.7846
a 20.30 3.723 12.80 26.11
b 0.3046 7.587 0.9274 -0.7096
c - - -0.01219 0.05258
d - - - -0.0008260

5.2.3 Ultimate analysis

Figure 5-12 shows the variation with torrefaction temperature of C, H, N, O content

(% by weight, dry basis) of the torrefied seed cake. The error bars illustrate the standard

errors associated with the calculated means. A clear pattern cannot be identified in the

variation of the N and H content. There is a significant overlap in the error bars due to

the large variation between the replicates. This could be attributed to the inherent
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inhomogeneity in the biomass samples, coupled with the relatively low amounts of H
and N measured (relative to C and O). A similarly large variability was observed in
the N content of the untorrefied biomass and an explanation for this was discussed

earlier in Section 4.3.
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Figure 5-12: Interaction plots for elemental (a) dry C, (b) dry H, (c) dry N, (d) dry O.

This overlap is also observed in the C and O content, albeit to a lesser degree.
However, some distinct trends can be observed in this case. With increasing
torrefaction intensity, the C content increases while the O content decreases. As the
temperature is increased from 200°C to 300°C, there is an approximately linear
increase in the C content by 14%, while the O content decreases by 33%. The trend in
C content confirms previous findings of increasing FC content (from the proximate
analysis obtained from TGA, Section 5.2.2), and can be traced to the loss of low-C

volatiles during the torrefaction process. However, the reducing O content indicates
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that the volatiles lost also contain a significant proportion of O in their molecular
structure. Another observation is that the torrefaction temperature has a more
pronounced effect on both the C and O content than the holding time; there is
substantial overlapping between the 30 min and 60 min curves. This observation is
expected since it is a trend that has been observed throughout the study (mass and

energy yields, HHV, DAF FC content).

Table 5-5: p-values from ANOVA of dry CHON

p-value
temperature time temp eraturfa*tlme
interaction
C 0.000 0.000 0.747
H 0.012 0.114 0.009
N 0.051 0.293 0.002
@) 0.000 0.002 0.372

Table 5-5 shows the p-values from the ANOVA test. These values confirm that the
torrefaction temperature and holding time have a statistically significant effect on the
C and O content. The high p-values for the temperature and time factors (individually)
for H and N further strengthen the conclusion that the dispersion among the data is too
great to extract a statistically reliable trend from it. Meanwhile, the high p-values for
the temperature*time interaction for C and O indicate a statistically insignificant
interaction between the two factors, i.e. a change in the holding time does not change
how the temperature influences the response (C or O content). This is reflected in the

relatively parallel gradients observed in Figure 5-12(a) and (d).
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Figure 5-13: van Krevelen diagrams of (a) torrefied Jatropha seed cake grouped by holding time,
(b) torrefied Jatopha seed cake grouped by temperature, (c) various solid fuels (McKendry, 2002).
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Figure 5-13(a) and (b) are van Krevelen diagrams which show the H/C ratio
plotted against the O/C ratio; the torrefied and untorrefied seed cakes have been
included, grouped by holding time and temperature in Figure 5-13(a) and (b),
respectively. These diagrams have been used in literature as a tool to characterise the
thermochemical properties of fuels. Figure 5-13(c) shows the typical positions of
biomass and coal on such a diagram (McKendry, 2002a). Coal occupies the lower-left
section of the diagram, and it is desirable for the biomass in question to be in this
vicinity since it indicates similar thermochemical properties to coal (which would be
beneficial for the ultimate aim of co-firing). It can be seen from Figure 5-13(a) that
increasing the torrefaction temperature causes the points to shift towards the lower-left
direction, which is the required outcome of the torrefaction process. However, Figure
5-13(b) shows a wide dispersion of points when grouped according to holding time,
further reinforcing the conclusion that holding time has a less significant effect on the

properties of the biomass than the torrefaction temperature.

5.2.4 3C NMR spectroscopy

Figure 5-14 shows the NMR spectra for the untorrefied and torrefied biomass, with
that of one sample selected from each level of torrefaction. Assignment of the peaks
was done using the existing literature while taking into account the fact that an
uncertainty of £2 ppm can exist. The sharp peak at 3.5 ppm is caused by the standard
TKS which was used for calibration of the spectrum. A typical *C biomass spectrum
can be broadly grouped into four sections (Friind & Lidemann, 1989):

e >160 ppm : carboxylic C
e 110 ppm — 160 ppm : aromatic C
e 46 ppm — 110 ppm : carbohydrate C

e <46 ppm : aliphatic C
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Figure 5-14: 13C NMR spectra for (a) untorrefied Jatropha seed cake and Jatropha seed cake torrefied
for 60 min at (b) 200°C, (c) 250°C, (d) 300°C.

The peaks at approximately 21 ppm and 171 ppm are assigned to acetyl groups in
hemicellulose (Li et al., 2015; Neupane et al., 2015; Sievers et al., 2009). The group
of peaks between 62 ppm and 103 ppm are due to C1 to C6 atoms, predominantly of
cellulose although hemicellulose also makes a contribution (Bernardinelli et al., 2015;
Neupane et al., 2015). The cluster of peaks between 110 ppm and 160 ppm are
attributed to aromatic rings in lignin (Bernardinelli et al., 2015; Gilardi et al., 1995)

while the broad shoulder at approximately 52—56 ppm is assigned to the methoxyl
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group of lignin (Bernardinelli et al., 2015; Park et al., 2013). In the untreated biomass,
cellulose appears to be the most abundant component, followed by hemicellulose and

lignin.

Following torrefaction at the lowest temperature of 200°C, degradation can be
observed across the spectrum. The most significant losses are of the hemicellulose-
only peaks (acetyl groups) and the carbohydrate region. Due to the overlap of
hemicellulose and cellulose signals in the carbohydrate region (62—2110 ppm), the
extent of individual cellulose and hemicellulose decomposition cannot be determined
with certainty; however, Neupane et al. (Neupane et al., 2015) attributed most of this
decomposition to hemicellulose . A flattening is observed in the 110—160 ppm region,
indicating that lignin decomposition has occurred; methoxyl lignin has also undergone
degradation. Despite these changes in intensity, the overall shape of the spectrum is

still comparable to that of the untorrefied biomass.

After torrefaction at 250°C, more significant changes have occurred. The
hemicellulose has almost completely decomposed, although a degree of cellulose is
still present. The most noteworthy observations are the appearance of two new broad
peaks centred around 26 ppm (aliphatic region) and 125—126 ppm (aromatic region).
Overall, lignin decomposition has not progressed drastically since the 200°C

torrefaction.

It is evident that torrefaction at 300°C has changed the structure of the biomass
comprehensively. Both hemicellulose and cellulose have undergone complete
decomposition. The spectrum is now dominated by the aforementioned two broad
peaks; these represent the aliphatic and aromatic products of the torrefaction reaction,

since their growth occurred parallel to the decomposition of the cellulose peaks.
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Although not immediately evident due to the overlap by the aromatic product peak
around 125—126 ppm, the shoulder at approximately 140 ppm (L1 on Figure 5-14)
and the slight bump at approximately 54 ppm (L2 on Figure 5-14) indicates that the

lignin has still not completely decomposed.

From this analysis, it can be seen that hemicellulose is the most volatile component
present and undergoes significant decomposition between torrefaction temperatures of
200°C and 250°C. Cellulose is comparatively more stable, and although it starts
degrading below 250°C, complete decomposition only occurs between 250°C and
300°C. Lignin undergoes decomposition over a wide range of temperatures, starting
from as low as 200°C and continuing beyond 300°C. These results are in line with
other *C NMR studies carried out on other types of torrefied biomass including
bamboo (Wen et al., 2014), beech wood (Melkior et al., 2012) and loblolly pine
(Neupane et al., 2015). The phenomenon of decreasing aliphatic and aromatic signals
under mild conditions, followed by the increase thereof at higher temperatures was
also reported by Neupane et al. (Neupane et al., 2015). This study proposed that this
was due to aliphatic and aromatic C-C and C-H bonds being formed from the
decomposition products by way of polymerisation and recondensation products (Ben

& Ragauskas, 2012; Neupane et al., 2015; Zawadzki & Wisnewiski, 2002).

5.2.5 Differential thermogravimetry

Differential thermogravimetric (DTG) plots were obtained from the TGA runs
which were originally utilised for the proximate analysis. The segment of the TGA run
that is of interest here is the devolatilisation stage, i.e. when the temperature is ramped
up at a constant rate of 20°C/min after drying at 105°C. Figure 5-15 shows a typical
DTG plot for this segment for the untreated type B biomass. The derivative of the mass

with respect to time is plotted against the temperature. Two distinct peaks are
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observed, with a “shoulder” on the first peak. The shoulder at ~<300°C, the peak at
~320-350°C and the peak at ~400°C will be referred to as peak PO, peak P1 and peak

P2, respectively. A trailing edge is also observed after peak P2.
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Figure 5-15: DTG plot of untreated type B.

Table 5-6 shows the typical temperatures at which the generic individual
components of biomass — hemicellulose, cellulose, lignin — undergo decomposition.
Based on this data, peaks PO and P1 were assigned to hemicellulose and cellulose
decomposition, respectively. The cause of the P2 peak will be discussed later in this
section. The trailing edge following P2 was regarded as representing lignin
decomposition since lignin decomposition typically occurs at a low rate over a wide

range of temperatures up to 900°C (Gasparovic et al., 2010).

Table 5-6: Temperatures at which lignocellulosic components undergo decomposition.

Biomass Hemicellulose Cellulose Lignin Reference
Bamboo 275°C 275-350°C 250-500°C (Wu & Lin, 2012)
Wood chips 200-380°C 250-380°C 180-900°C (Gasparovic et al., 2010)
Individual
components, 220-315°C 315-400°C >400°C (Yang et al., 2006)
synthetic
mixtures
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Figure 5-16 and Figure 5-17 show the DTG plots for the torrefied type B biomass,
sorted by holding time and torrefaction temperature, respectively. Representative
single replicates were chosen for each temperature-time combination. TA Instruments
Universal Analysis 2000 software was used to process the raw TGA data and obtain
the DTG signal. A Matlab program was written to further process this DTG data,

including generating the plots shown (Appendix 2).

From Figure 5-16(a), it can be seen that hemicellulose is completely decomposed
after torrefaction at 300°C even when the holding time is 0 min, indicating the
sensitivity of hemicellulose to high temperatures; there is no significant decomposition
observed in the 200°C and 250°C plots. The effect of the torrefaction temperature can
be seen more clearly in the 30 min and 60 min plots (Figure 5-16(b) and (c)). After
torrefaction at 250°C, hemicellulose has decomposed completely while a significant
amount of cellulose has also undergone degradation. At 300°C, cellulose also has
undergone virtually complete decomposition. With the exception of the highest
torrefaction temperature, the holding time does not appear to have a significant effect,

especially beyond 30 min (Figure 5-17).

Lignin decomposition is known to be spread over a wide range of temperatures,
well exceeding the maximum torrefaction temperature of 300°C. Hence, any lignin
molecules which were partially-degraded during the torrefaction process would
undergo decomposition at the relatively higher temperatures during the TGA run. This
would explain the enhancement of the “bulge” after the P2 peak at higher torrefaction
temperatures (Figure 5-16), as there would be more partially-degraded lignin

molecules at higher torrefaction intensities.
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Figure 5-16: DTG plots for type B biomass torrefied for (a) 0 min, (b) 30 min, (c) 60 min.
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The Matlab program which generated the DTG plots in Figure 5-16 and Figure
5-17 also picks out the peaks and records the temperature and peak height. In order to
quantify the observed trends, an ANOVA test was carried out on the heights of the P1
and P2 peaks. The resulting p-values are given in Table 5-7, while Figure 5-18 and
Figure 5-19 show the corresponding interaction plots. For the non-0 holding times, the
height of P1 drops by 23-34% when the torrefaction temperature is increased from
200°C to 250°C; there is no P1 peak at 300°C. This corresponds to a greater degree of
cellulose decomposition occurring when torrefied at higher temperatures. The p-values
of 0.000 confirm that the effect on the height of P1 of temperature and holding time as

well as their interaction are statistically significant.

Table 5-7: p-values from ANOVA test of P1 and P2 peak heights.

Peak Temperature Time Interaction
P1 0.000 0.000 0.000
P2 0.123 0.979 0.005
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Figure 5-19: Interaction plot for the P2 peak heights.
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A possible explanation for the presence of peak P2 is the decomposition of the oil
present in the seed cake. One piece of evidence supporting this theory is the lack of a
signal in the NMR spectra which correspond to the trends observed in P2 height in the
DTG plots; most of the oil is pressed out of the sample when it is compacted into the
sample capsule in preparation for the NMR analysis. To explore the plausibility of this
explanation further, the Matlab program was used to analyse the DTG data of three
samples each of untorrefied type A and type B. Overlaid DTG plots of representative
single replicates are shown in Figure 5-20. It can be seen that the height of P2 is
significantly lower in the case of type A. The mean P2 height (calculated from the
three samples) for the type A was 48% lower, i.e. approximately half the height of the
type B. A two-sample t-test confirmed the results, with a P-value less than 0.05
(P=0.000) indicating that the P2 heights of type A and type B are significantly
different. Since the type A material has a lower apparent oil content than the type B
(Section 3.2), the significant fall in the P2 height strongly suggests that this peak is

caused by the oil still present in the seed cake.
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Figure 5-20: DTG plots of untreated type A and type B biomass.
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The p-values for P2 (Table 5-7) indicate that the main effects of temperature and
time are not significant, while the interaction between the variables is on the margin
of statistical significance. Considering the overlapping of the error bars, no clear trend
can be observed in either direction. The exception is the sharp fall of the peak height
at the most intense torrefaction conditions, i.e. 300°C for 60 min. This indicates that
the oil in the seed cake resists degradation more than the hemicellulose and cellulose,

and only decomposes at the high torrefaction temperatures and holding times.

The NMR results (Section 5.2.4) were compared with Figure 5-16(c) (since the
NMR runs were carried out on samples torrefied at 60 min). The NMR analysis
corroborated the trends observed in the DTG. Hemicellulose and cellulose undergo
complete decomposition when torrefied at 250°C and 300°C, respectively. Lignin
decomposes over a range of temperatures starting from as low as 200°C, as indicated
by the “trail” after P2 being present in the 200°C DTG plots (Figure 5-17(a)). Lignin

continues to decompose at temperatures beyond 300°C.

5.3 Secondary torrefaction study

A limited study was carried out on the type A seed cake. The finest size fraction
(<1 mm) was used since this was the most abundant by mass. A 3-level full-factorial
(duplicated) matrix was used. The tested torrefaction temperatures were 200°C, 250°C
and 300°C, while the tested holding times used were 0 min, 30 min and 60 min. A total
of 18 runs were carried out. Again, Minitab was used to randomise the run order and

analyse the collected data.

As with the primary study (type B), the HHV and energy yield were the
fundamental responses which were used to optimise the torrefaction factors.

Additionally, the proximate analysis was carried out using TGA.
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5.3.1 Mass yield, HHV, energy yield

Figure 5-21 and Figure 5-22 show the variation of the mass yield with torrefaction

temperature and holding time, respectively.
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Figure 5-21: Interaction plot for mass yield, grouped by holding time.
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As is the case for type B, the mass yield for the type A torrefaction shows an

approximately linear decrease with increasing torrefaction temperature for the non-0

min runs; linear regression of the non-0 min data yielded an R? value of 0.985. The
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mass yield decreases by 41-42% when the torrefaction temperature is increased from
200°C to 300°C, compared to a corresponding decrease of 35% in the case of the type
B. For the O min runs, the mass yield drops at a slower rate from 200°C to 250°C; this
non-linearity in the 0 min runs which was also observed in the type B is caused by the
biomass undergoing torrefaction in the heating and cooling stages of the run (see

Section 5.2.1).

The general trends in the HHV (Figure 5-23 and Figure 5-24) and energy Yield
(Figure 5-25 and Figure 5-26) of the type A biomass are similar to those observed with
the type B, i.e. the HHV increases and the energy yield decreases as the torrefaction

intensity is increased.

At the median torrefaction conditions of 250°C and 30 min, the HHV of the type
A seed cake is enhanced by 17%. This is similar to the enhancement of 16% that was
recorded for the type B seed cake at similar conditions (Table 5-1). The maximum
HHV enhancements are also similar at 27% and 26% for type A and type B,
respectively. However, since the HHV of the untreated type A is lower than that of
untreated type B (20.76 MJ/kg vs 24.06 MJ/kg), the highest post-torrefaction HHV
achieved for the type A biomass is lower at ~26 MJ/kg compared to ~30 MJ/kg for
type B. A linear regression of HHV with respect to the mass loss (mass yield subtracted

from unity) resulted in the following equation, with an R? value of 0.966:
HHV (M]/kg) = 20.84 + (0.1224 x mass loss (%)) Eqn 5-6

The constant of the regression equation is approximately equal to the HHV of the
untreated biomass. This result, which was suggested by Almeida et al. (2010), was

also observed in the case of the type B biomass (Equation 5-1).
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Figure 5-24: Interaction plot for the HHV, grouped by torrefaction temperature.

The energy yield drops at a higher rate when the torrefaction temperature is
increased. The mean energy yield for the non-0 min runs decreases by 10% when the
torrefaction temperature is increased from 200°C to 250°C, and by a further 22% from
250°C to 300°C. The corresponding values for the type B biomass are 6% and 15%.
Although the trends in both types A and B are similar, the magnitude of the energy
yield drop is greater in type A, i.e. the type A biomass is more sensitive to the

torrefaction temperature. The energy yield at the median (250°C, 30 min) and most
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intense (300°C, 60 min) torrefaction conditions are 88.01% and 67.04%, respectively,
in the case of type A. The corresponding energy vyields for type B are 90.02% and
70.02%. Hence, torrefaction of type A biomass results in relatively lower energy yields

than that of type B, although the margin is not substantial.
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Figure 5-26: Interaction plot for the energy yield, grouped by torrefaction temperature.
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Table 5-8 shows the p-values obtained from the ANOVA test carried out on the
type A mass yield, HHV and energy yield data. For all three responses, the

temperature, time and temperature-time interaction are statistically significant, i.e.

p<0.05.
Table 5-8: p- and F-values obtained from ANOVA test on mass yield, HHV, energy yield data.
F-value

p-value (type A) Soe A e B

temp time 'temp*ti.me temp time temp time
interaction

Mass yield 0.000 0.000 0.000 737.56 | 339.18 | 1039.51 60.48
HHV 0.000 0.000 0.000 1067.10 | 528.72 | 305.33 14.43
Energy yield | 0.000 0.000 0.000 352.69 | 14297 | 231.62 22.54

The F-values from the statistical analysis are also given in Table 5-8; larger F-
values indicate a greater effect on the response. The corresponding F-values from the
type B analysis are also tabulated for comparison. In both type A and type B, the
torrefaction temperature was the more dominant factor in affecting the mass yield,
HHV and energy yield. Table 5-9 gives the percentage change in the mean responses
when each factor is increased (independently of the other) from the lower limit to the
upper limit. Comparing with the corresponding results for type B in Table 5-3, it can
be seen that relative changes are broadly similar between the two types. The main

effects for type A are illustrated graphically in Figure 5-27.

Table 5-9: Main effects changes in mean mass yield, HHV, energy yield over full range of factors.

Change in Temperature increased from | Holding time increasgd from
200°C to 300°C 0 min to 60 min
Mass yield -33.2% -21.4%
HHV +18.1 % +11.4 %
Energy yield -21.8 % -13. 3%
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5.3.2 Fixed carbon (FC) content
Figure 5-28 and Figure 5-29 show the variation of the DAF FC with torrefaction

temperature and holding time, respectively. Similarly to the type B material, the DAF
FC content increases with increasing torrefaction intensity. For the non-0 min runs,
the DAF FC content increases by ~32% when the torrefaction temperature is
increased from 200°C to 250°C, and by a further ~45% when the temperature is
increased from 250°C to 300°C. Increasing the holding time from 30 min to 60 min
appears to have a relatively insignificant effect.

50

Time /i
(min) s
45 — 0 // /s
— & - 30 //,/
- --x-- 60 s
£ 4w
-
o
3
g
v 35
(v
[V
[* 9
<
8 39
25
20
Temp (°C) 200 250 300
Figure 5-28: Interaction plot for the DAF FC content, grouped by holding time.
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Figure 5-29: Interaction plot for the DAF FC content, grouped by torrefaction temperature.
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The link between the DAF FC content and the HHV has been explained earlier in
Sections 5.2.1 and 5.2.2. From the scatter plot in Figure 5-30, it is immediately
apparent that there is a correlation between the DAF FC content and HHV in the case

of the type A as well.
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Figure 5-30: Scatter plot of HHV vs DAF FC content.

A regression analysis was carried out, where the data was fitted into the models

shown in Equations 5-7 to 5-10. The coefficients and regression statistics are shown

in Table 5-10.

e Linear: HHV =a + b*(DAF_FC) Eqn 5-7

e Linear logarithmic: HHV = a + b*In(DAF_FC) Eqgn 5-8

e Quadratic: HHV = a + b*(DAF_FC) + c*(DAF_FC)? Eqn5-9

e Cubic: HHV = a + b*(DAF_FC) + c*(DAF_FC)?> + d*(DAF_FC)3

Egn 5-10
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Table 5-10: Regression coefficients and statistics for HHV vs DAF FC.

Linear Linear logarithmic Quadratic Cubic
pred-R? 0.8274 0.8940 0.9764 0.9749
S 0.7923 0.6172 0.2889 0.2806
a 17.02 -1.02 2.534 -11.05
b 0.1971 7.103 1.061 2.305
c - - -0.01184 -0.04849
d - - - -0.000345

From the pred-R? (which have to be maximised) and S (which have to be
minimised) in Table 5-10, the cubic model would be the most reliable equation to use
to predict the HHV. However, there is very little difference between the regression
statistics of the quadratic and cubic model. The quadratic model would also be an
acceptable equation to use, particularly when considering its lower complexity
compared to the cubic model. The four regression models are graphically represented

in Appendix 6 (Figure A6-2).

156




5.4 Discussion

The key driver behind torrefaction in the context of this study is the enhancement
of the HHV. Coal used in power plants would typically have a HHV in the range of
27-32 MJ/kg (Mardon & Hower, 2004). To support co-firing, it would be desirable to
bring the HHV of the biomass to within this range. A higher HHV also implies that
the energy density is higher, and this is advantageous in terms of storage and transport.
When carried out at higher intensities, the torrefaction process was able to increase the
HHV of the type B Jatropha seed cake to ~30 MJ/kg. However, the energy yields at
these torrefaction conditions are less than 80% (see Figure 5-31(a) and (b)). A low
energy yield would be undesirable from an energy efficiency standpoint and could
potentially make the process economically unviable. Hence, the torrefaction
conditions should be chosen so that neither the HHV nor the energy vyield is

excessively compromised.

Figure 5-31(c) was generated by overlaying the selected regions of the two contour
plots in Figure 5-31(a) and (b), with an energy vyield greater than 90% and a HHV
greater than 27 MJ/kg. The unshaded region depicts the range of torrefaction
conditions which would satisfy both these conditions. The possible combinations of
torrefaction temperature and holding times range from <5 min at >280°C to longer
holding times (~45 to 60 min) at lower temperatures (220°C to 250°C). These
guidelines are valid for the conditions under which the torrefaction was performed,

most significantly the heating rate of 10°C/min.
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Figure 5-31: Contour plots of (a) HHV, (b) energy yield (EY), (c) overlay of HHV and EY for type B.
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Similar plots for the type A Jatropha seed cake are given in Figure 5-32. However,
the lower absolute HHV’s recorded in the type A (see Section 5.3.1) means that intense
torrefaction conditions, i.e. 300°C for 30-60 min, are required to raise the HHV to ~26
MJ/kg. However, the energy yield is only ~68% at these conditions. Hence, a greater
compromise had to be made in the case of the type A; the overlaid contour plot in
Figure 5-32(c) shows the range of torrefaction conditions where the energy yield is
>85% and the HHV is >24.5 MJ/Kg. The envelope of conditions was narrower than in
the type B, with the aforementioned conditions being satisfied when the torrefaction

temperature s ~250°C and the holding time is 45-60 min.

The cost of the torrefaction process in terms of energy required by the furnace and
the cost of the N: supply should also be taken into account in a practical
implementation of the process. The cost implications of using low temperature/long
holding time versus high temperature/short holding time have to be investigated
further, and would be dependent on the torrefaction rig used. This would allow the
desirable parameter range to be narrowed down further, and the process to be
optimised in a more comprehensive manner. Measurement of energy expenditure was
considered beyond the scope of this study, particularly because it is at a laboratory
scale and any results thus obtained would not be scalable to a full-scale torrefaction
plant. A few studies focusing on the economic aspects of torrefaction have been
conducted in the recent past (Agar et al., 2015; Topell Energy BV, 2015). Typically,
the energy cost of the torrefaction process is offset by the improvement in grindability
and energy density which in turn reduce milling and transport costs. However, this
would depend on a careful design and implementation of the system taking into
account factors such as the transport distances, mode of transport and the energy source

for the pre-treatment processes.
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It is important to adopt a holistic approach when assessing the suitability of a
certain type of biomass for co-firing. Torrefaction aims to improve the thermophysical
and physical characteristics of the fuel. However, there are other considerations as
well, chief among which is chemical composition of the biomass. The typically high
inorganic content of biomass is one of the major detractors to biomass combustion as
it is responsible for a host of ash-related problems. Leaching is touted as a pre-
treatment option to mitigate these issues. Another aspect that has to be explored is the
combustion behaviour of Jatropha curcas seed cake, including devolatilisation and

char combustion characteristics.
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5.5 Concluding remarks

The fundamental parameters used for the optimisation of the torrefaction process
are the HHV and energy yield, which respond inversely to each other. For the type B
seed cake, an envelope of torrefaction conditions exists — ranging from <5 min at
>280°C to >45 min at 220°C-250°C when a heating rate of 10°C/min is used — where
a HHV greater than 27 MJ/kg can be obtained while maintaining an energy vyield
greater than 90%. A tighter envelope of ~250°C for 45-60 min was determined for the
type A seed cake; in this case however, the range was for a HHV greater than 24.5
MJ/kg and an energy Yyield no less than 85%. From the point of view of the HHV and
energy Yyield, the type B material is a more versatile feedstock for torrefaction; a
relatively wide envelope of conditions exists which can cause the required HHV

enhancement without compromising excessively on the energy yield.

The increase in measured elemental C content and proximate DAF FC content
corroborated the theoretical explanation for the increase in HHV as the torrefaction
intensity was increased. The *C NMR and DTG analysis provided insight into the
structural changes occurring during the torrefaction process, with hemicellulose
proving to be the most volatile lignocellulosic component followed by cellulose and
lignin. Complete decomposition of hemicellulose and cellulose occurred by 250°C and
300°C, respectively, while lignin continued to decompose beyond 300°C. Throughout
the study, the torrefaction temperature was demonstrated to be a more dominant factor

than the holding time.
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6 LEACHING

6.1 Introduction

This chapter aims to investigate how both untorrefied and torrefied Jatropha
curcas seed cake reacts to leaching, and establish a set of recommended guidelines for
this pre-treatment process. Figure 6-1 illustrates the overall workflow for the leaching
study. The leaching study was conducted in three phases — preliminary, primary and
secondary. The experimental design and results for each phase are presented in this
chapter, while the specific details relating to the experimental procedures were
outlined in Chapter 3.

The preliminary study (Section 6.2) established a broad picture of how Jatropha
curcas seed cake (type B) reacts to leaching. The most significant factors were
identified using these results. The inorganic content of the biomass was measured
using two approaches — ICP-MS/IC and XRF — and the trends compared. The primary
study (Section 6.3) expanded on the preliminary study; a more extensive 3x4
experimental matrix (with triplicate runs) was created for the two most significant
factors identified in the preliminary study. Electrical conductivity and ionic content of
the leachate, the individual inorganic elemental levels in the solid biomass, the VM
content and the HHV were all analysed. The effects of leaching temperature and
torrefaction on the leachability of the type B seed cake was investigated.

While both the preliminary and primary studies involved the more abundant type
B biomass, a less-extensive secondary study using the type A biomass was also carried
out (Section 6.4). All other variables were fixed, and two particle size fractions were
used. The inorganic content of the leached biomass was used to gauge the effect that

the particle size has on the leachability.
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Sections 6.5 and 6.6 discuss the practical implications of the results, and

recommend guidelines to be followed when leaching untorrefied or torrefied Jatropha

curcas seed cake.

Type B seed cake

- 8runs

Preliminary leaching study
- 2-level full-factorial matrix
- 3 factors — leaching temperature,

leaching volume, torrefaction state

ICP-MS

XRF

A4

factors

Identify significant

Primary leaching study

factors

36 runs

Full-factorial matrix from significant

Type A seed cake

l

l

i

Secondary leaching study
- Two particle sizes
- All other factors constant

- b6runs

A 4

XRF/ash content

EC/IC XRF/ash HHV/DAF
content FC content
\4 l \4
Recommended guidelines

Effect of particle size on leaching
efficacy

Figure 6-1: Flowchart of overall methodology of leaching study.
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6.2 Preliminary leaching study

Three variables (factors) were identified — volume of water used, temperature of
the water and torrefaction state of the biomass. An initial screening study was carried
out to ascertain which factors had a significant effect on the inorganic content of the

biomass and hence warranted a more detailed investigation.

A two-level factorial matrix was devised. The leaching temperatures used were
20°C and 50°C, while the leaching volumes were 100 ml/g and 200 ml/g. Both
untorrefied type B biomass (referred henceforth as “UT”) and type B seed cake

torrefied for 60 min at 300°C (“HT”) were used.

Hence, eight leaching runs were carried out. The leached material was analysed
using two approaches. The first involved a combination of inductively coupled plasma
mass spectroscopy (ICP-MS) and ion chromatography (IC); ICP-MS was used to
measure the K, Mg, Ca, S and P content, while IC was used to measure the Cl content.

The second method utilised X-ray fluorescence spectroscopy (XRF).

6.2.1 Inorganic content — ICP-MS/IC

Figure 6-2 shows the mean levels of each inorganic element in the untorrefied
samples, and illustrates the efficacy of the leaching process in removing each element.
For the leached samples, the “xxxx-yy” labels represent the leaching conditions, with
“xxxx”’ denoting the volume of water used in ml and “yy” representing the temperature
in °C. It can be seen that Cl undergoes the most drastic reduction, by almost 100%.
This is followed by K and P — only 5%-17% of the original elemental content remains
in the leached samples. Mg and S show a moderate decrease — between 42% and 63%
of the original content remains. Ca levels are the least affected — there is no effect at

20°C (the values slightly above 100% can be attributed to experimental error and
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variation within digests), while at 50°C there appears to be a low degree of leaching

out.

Figure 6-3 shows the same data while omitting the columns for the unleached
biomass, so that the differences between the different leaching conditions can be
distinguished. For K, Mg and Ca, temperature is the most significant factor affecting
the leaching efficacy. This is particularly evident in the case of K. The P content
appears to be marginally more affected by the volume, although the statistical
significance of this cannot be determined using this chart alone. The S content shows
an uneven trend and it is possible that this is caused due to variation between digests,
as evident in the high degree of overlapping of the error bars. In the case of ClI, the
only detectable post-leaching levels of the element are found with the lower volume

and lower leaching temperature.

Figure 6-4 is a similar graph that illustrates the elemental levels for the
leached/torrefied biomass. Once again, the effect of increasing the temperature can be
observed clearly. However, there are irregular trends with respect to the volume; a
slight increase in the content observed at the higher volume, which is not the expected
result. Again the overlapping of error bars suggests that this could be caused by the

variation between digests.

166



16000

14000

12000

10000

8000

6000

4000

2000

unleached

H 1000-20
1000-50

m 2000-20

W 2000-50

P Cl

NTHITRT
Mg Ca S

Figure 6-2: Inorganic content of untorrefied type B biomass, measured by ICP-MS/IC
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Taking into account the variance observed in some of the readings and the few
irregularities observed, a statistical analysis using Minitab was carried out to further
ascertain the effects of the leaching parameters on the inorganic content. Table 6-1
summarises the p-values obtained from the analysis of variance (ANOVA) analysis of
the data. A low p-value (<0.05) indicates the factor or interaction between factors has

a statistically significant effect on the dependent variable (in this case the level of each

element).
Table 6-1: p-values from ANOVA of type B ICP-MS/IC data
p-value

volume temperature torrefaction vol*temp vol*tor temp*tor
(vol) (temp) state (tor) interaction | interaction interaction
K 0.127 0.000 0.000 0.029 0.865 0.000
Mg 0.557 0.001 0.000 0.468 0.968 0.009
Ca 0.162 0.000 0.000 0.841 0.433 0.004
S 0.614 0.096 0.000 0.635 0.023 0.519
P 0.561 0.000 0.000 0.507 0.750 0.002
Cl 0.000 0.000 0.000 0.000 0.000 0.000

It can be seen from Table 6-1 that temperature is a significant factor in determining
the levels of all the elements except for S. The torrefaction state also shows a low p-
value throughout, indicating that it is a significant factor. Low p-values are also
observed for the temp*tor interaction (again, with the exception of S). This shows that
the interaction between the temperature and the torrefaction state has a statistically
significant effect on the levels of these elements. In other words, the effect that the
temperature has on the element levels is dependent on whether the biomass is torrefied
or not. This was an expected result from an early stage, when a visual inspection
showed that the untorrefied biomass caused discolouration of the leaching water at

both temperatures, while discolouration only occurred at the higher temperature with
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the torrefied biomass. The only element where the volume or interaction involving
volume was significant was Cl. With the exception of this, the analysis of the ICP-
MS/IC data indicates that the leaching temperature and torrefaction state are the most

significant factors which warrant a more detailed investigation.

6.2.2 Inorganic content - XRF

Figure 6-5 and Figure 6-6 how the inorganic content of the leached untorrefied and

torrefied type B, respectively, as measured by XRF spectrometry.

The XRF data was also processed using Minitab 17. Since no replicate runs were
carried out in the preliminary leaching study, Pareto charts (Figure 6-7) were used as
a statistical tool. Pareto charts offer a means to determine which factors and
interactions between factors are statistically significant. In the figures, “Temp”, “Vol”
and “Tor_state” represent the leaching volume, leaching temperature and torrefaction
state, respectively. The absolute values of the unstandardised effects are shown, along
with a reference line. In the absence of replicates, the software uses Lenth’s pseudo-
standard error (LSE) to determine the location of the reference line (Lenth, 1989) (see
Appendix 7). If the magnitude of an effect is larger than the LSE, it can be considered
that the corresponding factor or interaction is statistically significant. The significance
of the factors and/or interactions determined using this approach are summarised in

Table 6-2.
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Figure 6-5: Inorganic content of untorrefied, leached type B biomass, measured by XRF spectrometry
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Figure 6-6: Inorganic content of torrefied, leached type B biomass, measured by XRF spectrometry
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Figure 6-7: Pareto charts of XRF-measured (a) K, (b) Mg, (c) Ca.
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Table 6-2: Significance of factors and interactions obtained from Pareto charts.

Element Significant factors and interactions
K Temperature, torrefaction state, interaction between temperature and torrefaction state.
Mg Torrefaction state.
Ca None.
S Torrefaction state.
Torrefaction state.
Cl Torrefaction state.

From Table 6-2, it can be seen that with the exception of Ca, the torrefaction state
is a common significant factor. For K, the leaching temperature and torrefaction state
are both significant factors. Additionally, the interaction between these two factors is
also significant in the case of K, i.e. how the K content varies with the leaching

temperature is dependent on whether it is torrefied.

6.2.3 Summary of preliminary results

The main aim of the preliminary study was to identify the most significant factors
which can then be explored in more detail in the primary study. Considering Table 6-1
and Table 6-2, it can be seen that the leaching temperature and torrefaction state are
broadly the most significant factors affecting the leaching process. This was
corroborated by both methods; the only exception was the Cl content measured by the

ICP-MS/IC method, which was also affected by the leaching volume.

The trends in the inorganic content as measured by the two approaches are broadly
similar. However, their corresponding absolute values vary significantly. The ICP-
MS/IC method has consistently lower measurements compared to the XRF method.
This can be attributed to the potentially incomplete digestion (for ICP-MS) or ion
extraction (for IC) of the samples prior to analysis. This step introduces an additional
possibility for experimental error. In contrast, XRF spectrometry is a non-destructive

method which eliminates this preparatory step and hence the error associated with it.
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This, coupled with the faster overall analysis speed, made XRF spectrometry the
preferred solid inorganic analysis method for the rest of the study. However, the results
from the ICP-MS/IC approach provided additional confirmation of the trends in the

measured inorganic content of the leached biomass.

6.3 Primary leaching study

The major leaching study involved the type B seed cake. Two factors were varied,
the leaching temperature of the water and the torrefaction state. The three leaching
temperatures used were 20°C, 35°C and 50°C. There were four torrefaction states —
untorrefied (“UT”), and samples torrefied at temperatures of 200, 250 and 300 °C for
a period of 30 min each (‘°LT”’, ““MT’’ and *“‘HT”’, respectively). For each of the 12
points in the full-factorial matrix (excluding the unleached samples), three replicate
runs were carried out, resulting in a total of 36 leached samples. The leaching was
carried out in batches of 12 for each leaching temperature. An additional run with
identical conditions, but with no biomass added was also carried out for each

temperature as a control.

6.3.1 Physical appearance

The leachate samples of the UT and mildly torrefied (LT) runs have a more cloudy
appearance since the oily nature of the seed cake is reduced following the more intense
torrefaction treatments. The solutions become darker as the torrefaction temperature is
increased up to 250°C, and this matches the increasing darkness of the solid seed cake.
The exception is the HT leachate, which is almost transparent. This indicates that the
most intensely torrefied biomass might be resistant to leaching. There is no apparent
change in the colour of the seed cake following the leaching process. However, the

leached seed cakes have a harder and less oily texture compared to the corresponding
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unleached samples, with a reduced tendency to clump up (this was especially true of

the untorrefied type B samples).

6.3.2 Electrical conductivity (EC)

Figure 6-8 shows the variation of the EC during the course of leaching of type B
seed cake. Since EC of a solution is a function of the concentration of ions in it and
can be measured instantly using an EC meter, it provides a useful method of
monitoring the progress of the leaching process with time. Additionally, since EC is
also a function of the solution temperature, the EC meter was set to automatically
calibrate all measurements to those of a solution at 25°C. The mean EC has been
calculated from the three simultaneous replicate runs for each point. The mean EC for
the final 3 h are approximately constant. Thus, it can be assumed that by this time, the

leaching process is complete.

The distinguishing feature of the graph is the separation between the sample types,
i.e. torrefaction level. The final EC of the HT runs are the lowest, followed by that of
the MT runs. There is a degree of overlap between the LT and UT runs. The observed
trends indicate that increasing the torrefaction intensity makes the biomass more
resistant to the leaching process. This is also reflected in the initial gradients of the
curves, which are indicative of the rate at which the ions are leached out of the seed
cake. The lowest gradient is in the HT samples, followed by the MT samples. Again,

there is some overlap between the LT and UT samples.
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When looking at the effect of the leaching temperature, in general there is an
increase in the leaching rate as well as the final EC. However, the effect of the
temperature appears to be highly dependent on the torrefaction state. The separation
of the respective curves is significantly greater for the HT and MT samples. Increasing
the leaching temperature is much more effective in increasing the leachability of the

more intensely torrefied samples.

To illustrate these trends more clearly, the final EC after 24 h and the initial
leaching rate were plotted in Figure 6-9 and Figure 6-10, respectively. The leaching
rate is the average rate calculated over the first 6 h of leaching, assuming a linear rate
for the purposes of comparison. There is no significant effect of increasing the leaching
temperature in UT and LT samples, especially considering the overlap of the error
bars. In the MT samples however, the final EC increases by 45% while the 6 h leaching
rate increases by 61%, when the leaching temperature is increased from 20°C to 50°C.
For the HT samples, the hikes are even more substantial at 96% and 191%,
respectively. This enhancing of the leachability of the more intensely-torrefied
material is potentially a very useful observation since it is these samples that proved

most resistant to the leaching process.
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Figure 6-10: Average leaching rate of type B biomass.
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6.3.3 lon analysis of leachate

Figure 6-11 shows the final concentration of the major cations and anions present
in the leachate as measured by ICP-MS and IC, respectively. The ions in question are
K, Cl, magnesium (Mg) and phosphate (POa). The illustrated values are those obtained
after subtracting the corresponding concentrations in the control sample which had no
biomass added. The EC of the solution is superimposed; this value is the difference
between the EC after 24 h and the initial EC. Although not exact, a correlation can be

observed as expected between the total ion concentration and the EC.

From Figure 6-11, a clear positive trend can be observed in the effect of the
leaching temperature on the K levels in the type B leachate. Once again, the
torrefaction state plays a role in this correlation. When the leaching temperature is
increased from 20°C to 50°C, the K levels in the UT and LT samples increase by 10.2%
and 15.1%, respectively. For the MT sample, the increase is a more substantial 33.6%.
However, for the HT sample, the increase is 164.3%, i.e. more than doubled. Since the
most prominent ion present in the leachate by a significant margin is K, the trends

observed in the total ion levels are comparable to those of K.
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6.3.4 Inorganic content - XRF

Figure 6-12 shows the elemental inorganic composition of the solid biomass, both
before and after leaching. These are the mean levels of the most abundant inorganic
elements measured using XRF spectroscopy —K, Ca, Mg, Cl, S and phosphorous (P).
The mean values for the unleached biomass was calculated from the replicate
torrefaction runs, while those for the leached biomass was from the replicate leaching
runs. The sum of the values of these elements is shown next to each column on the
chart. The dry ash content obtained from TGA has been superimposed on the graph as
well to illustrate the expected correlation between the inorganic content and the ash

content.

The XRF results of the type B corroborate the previous observation that the more
intensely torrefied biomass is more resistant to the leaching process. For instance,
following leaching at 35°C, the sum of the inorganics (the numerical values displayed
in the figure) decreases by 71% and 66% for the UT and LT samples, respectively.
The decrease is 34% for the MT sample while the decrease is only by 7.5% in the case
of the HT sample. These figure illustrate a substantial increase observed in the
inorganic levels as higher temperatures are used for the torrefaction. This can be
attributed to the correspondingly decreasing mass yield as more volatiles are lost
during the torrefaction process; the overall mass of the sample decreases while there
is minimal loss in the inorganic content, resulting in an increase in the percentage

weight of the inorganic elements.
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Figure 6-12: Total inorganic content from XRF for leached and unleached type B
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To obtain a more rigorous analysis of the XRF data, a statistical analysis was
carried out using Minitab 17. A low p-value (<0.05) for a particular variable indicates
that the variable in question has a statistically significant effect on the response. This
would be reflected in the main effects plot as a non-parallel line — the higher the effect,
the steeper the line. A low p-value for the interaction indicates that there is a
statistically significant interaction between the two variables, i.e. the effect of the
leaching state on the response (for instance, the K content) is affected by the
torrefaction state. This is graphically illustrated in the interaction plot. The stronger
the interaction, the more the lines deviate from being parallel to each other. If there is
a statistically significant interaction, this interaction should be taken into account when
interpreting the main effects. Typically, the main effects plots and p-value are

meaningful only if the interaction is negligible (interaction p>0.05).

Figure 6-13 show the main effects plots and interaction plots (whichever is
relevant) for the XRF data generated by Minitab for type B. Table 6-3 shows the p-
values obtained from the analysis of variance (ANOVA) carried out by the software.
Throughout the Minitab analysis, the variable “LeachState” shows the leaching
temperature in degrees Celsius or “UL” if unleached, while “TorrState” refers to the
temperature in degrees Celsius at which the sample has been torrefied (all at 30 min

holding time) or “UT” if untorrefied.
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Table 6-3: p-values from ANOVA of type B XRF data

Type B (unleached and leached) Type B (leached)
LeachState | TorrState | Interaction | LeachState | TorrState | Interaction
K 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.000 0.000 0.168 0.001 0.000 0.394
Mg 0.015 0.000 0.000 0.748 0.000 0.007
P 0.000 0.000 0.000 0.420 0.000 0.001
Cl 0.000 0.000 0.000 0.000 0.000 0.000
S 0.004 0.000 0.053 0.345 0.000 0.347

For K, Mg, P and Cl, there is a highly significant interaction between the variables,
meaning that the samples torrefied at different temperatures react to the leaching in
different ways where these elements are concerned. When examining the interaction
plots for these elements, it can be seen that the UT and mildly torrefied (LT) seed cake
undergo a larger decrease in the levels of these elements following the leaching

process.

The relative ease of leaching of K and CI from the untorrefied Jatropha is
consistent with results from leaching studies conducted on other types of biomass —
wheat straw (Deng et al., 2013), rice straw (Jenkins et al., 1995; Deng et al., 2013; Yu
et al., 2014), olive-derived biomass (Vamvuka et al., 2008), grassland herbage (Tonn
et al., 2011), switchgrass (Ravichandran et al., 2013). The extent to which these
elements are removed by leaching is related to the mode in which they occur in the
structure of the biomass. K is typically found as K* ions which are either dissolved in
water present in the plant tissue or organically bound (Zevenhoven et al., 2012). Cl is
also found as free CI ions or as part of organic compounds (Deng et al., 2013). The

high water-leachability of K and CI from the untorrefied Jatropha suggests that these
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elements are present as simple ions which readily dissolve in water. The decrease in
their extraction as the torrefaction intensity is increased indicates that the structural
changes occurring in the biomass during the torrefaction process has an effect on the
mode of occurrence of K and CI within the biomass structure, causing the free ions to
be bound more rigidly to the organic compounds. It follows that a higher energy input
would be required to break these bonds, hence the enhancement of the leachability of

the torrefied biomass that was observed at higher water temperatures.

When examining the interaction plots for Mg and P, it can be seen that the UT and
mildly torrefied (LT) seed cake undergo a decrease in the levels of these elements
following the leaching process; the Mg content undergoes a slight increase and the P
content remains approximately unchanged in the highly-torrefied (MT and HT)
biomass. The irregularities in the Mg content can be attributed to inhomogeneity and
measurement uncertainty introduced by the instrument, compounded by the very low
levels detected (less than 0.6% wt). While the measured P content does not exceed
2.5% wt, the levels fall to <0.25% wt and <1% wt in the untorrefied and LT samples,
respectively; there is no appreciable effect of increasing the leaching water
temperature. P in biomass can occur as soluble phosphate salts or as P-containing
organic molecules (Zevenhoven et al., 2012). The results suggest that they occur as the
former in the untreated Jatropha seed cake, but undergoes a transformation to the latter
during the torrefaction process. Since even the high-temperature leaching (which was
effective in the case of the K content) did not reduce the P content of the torrefied
biomass, it appears that the P atoms become more rigidly bonded to the organic
molecules than the K atoms. Owing to the fact that P can occur in both water-soluble

and water-insoluble forms in biomass, there is a wide range of P leachability that is
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reported in the literature, from as much as >50% (Zhang et al., 2015) to non-detectable

(Said et al., 2013) and even slightly increased levels (Carrillo et al., 2014).

Since the interaction is statistically insignificant for Ca and S, the mains effects
plots are considered here. The Ca levels show a clear increase following leaching. The
S levels show an increase as well, although the trend is more irregular in this case. The
low p-values (p<0.05) also reflect this. Since the leaching process cannot increase the
levels of any element, the conclusion derived from these observations is that there is a
very high degree of inhomogeneity in the Ca and S levels (more so than the other major
inorganic elements) throughout the type B seed cake. The problem is aggravated by
the fact that the measured quantities of these elements are relatively low (less than

1.5%), which increases the uncertainty of the measurement.

To analyse the effect of the leaching temperature more closely, the statistical
analysis was repeated with the data for the unleached samples omitted. The Ca and S
concentrations were not considered since it was shown previously that the observations
are too irregular. From the p-values shown in Table 6-3, it can be seen that the rest of
the inorganic elements — K, Mg, P and Cl — show a statistically significant interaction.
The efficacy of the leaching is represented by the gradient of the lines in the interaction
plots (Figure 5-13); a steeper negative gradient implies a greater fall in the

concentration of that element as the leaching temperature is increased.

Mg and P show irregular trends but with small positive/negative gradients,
indicating that although the torrefaction intensity causes the biomass to behave
differently (a statistically significant difference) as the leaching temperature increases,
the measured absolute quantities are still too low to ascertain any practical effect of

increasing the leaching temperature. Looking at the plots for K and Cl, it can be seen
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that for the torrefied and mildly torrefied (LT) seed cake, there is no appreciable effect
of using higher leaching temperatures; leaching at 20°C appears to be sufficient. For
the MT seed cake, there is a more profound effect; a linear drop of the K level is
observed as the water temperature is increased. For the HT seed cake, the drop is only
observed after 35°C. This indicates that as far as K and Cl are concerned, a higher
torrefaction temperature increases the resistance of the biomass to leaching, and

consequently, a higher leaching temperature is required.

6.3.5 Dry ash free volatile matter (DAF VM) content and higher

heating value (HHV)
Figure 6-14 show the main effects plot and the interaction plot for the DAF VM

content of type B. The p-value for the interaction is 0.032; looking at the interaction
plot, it can be seen that there is a marked difference between the behaviour of the UT
and torrefied seed cake. The torrefied samples all show irregular behaviour, while the
UT case shows an appreciable decrease in the DAF VM. The leaching process would
be expected to remove some of volatiles from the seed cake, which is what is observed
in the UT samples. However, torrefaction (even mildly) appears to reduce the
leachability of the volatiles. A possible explanation is that the light volatiles that are
driven off in the torrefaction process are the ones that are more readily soluble in water
and are hence removed from the UT biomass during leaching. The volatiles that are
left following torrefaction process are heavier and are either insoluble in water or
adsorbed onto the structure of the biomass, and are thus impervious to the leaching

process.

The relationship between the DAF VM content and the higher heating value
(HHV) has been demonstrated in literature. A decreasing DAF VM content

corresponds to an increasing DAF fixed carbon (FC) content as the volatiles lost
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contain less carbon (C) atoms than hydrogen (H) and oxygen (O) atoms. This leads to
a reduction in the H/C and O/C ratios, and since C-H and C-O bond energies are
weaker than those of C-C, the calorific value increases (McKendry, 2002b; Narvaez
& Orio, 1996). This relationship is reflected in the factorial plot for the HHV of the
leached samples, shown in Figure 6-15. A p-value of 0.004 indicates a statistically
significant interaction and this is illustrated in the interaction plot by the non-parallel
lines. The highly-torrefied seed cake shows an irregular trend, while the UT case
shows a clear increase in the HHV after the sample is leached. As explained earlier,
this agrees with the trends observed in the DAF VM content. The mean HHYV increases
from 24.06 MJ/kg to 25.32 MJ/kg (by 5%) and 26.47 MJ/kg (by 10%) after leaching

at 20°C and 50°C, respectively.
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Figure 6-14: Interaction plot of type B DAF VM content.
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Figure 6-15: Interaction plot of type B HHV.

6.4 Secondary leaching study

A smaller study was carried out on the type A seed cake. Here, only untorrefied
samples were leached at a temperature of 35°C and the variation was in the particle
size fraction. Two particle size fractions were used — <1 mm (“fine”’) and 1-2.36 mm

(“medium”). Again, the runs were triplicated for a total of 6 runs.

Figure 6-16 shows the inorganic content of the solid biomass, with the sum of the
measured inorganic content shown on top of each column. Comparing the two
categories of type A, the effect of particle size can be determined; the smaller particles
undergo a decrease of 80% compared to the 77% reduction in the larger particle size.
Although the magnitude of the difference is not substantial, this would be the expected
direction of change since the larger particle size would have less overall surface area
exposed to the water for the same mass of seed cake. Type B sees a decrease by an
even smaller 71% after leaching at 35°C. A possible explanation for this is that the oil
content of the type B seed cake interferes with the mechanism by which the ions leave

the structure of the biomass.
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Table 6-4 shows the p-values obtained from the ANOVA of the type A data. From

the p-values, it can be seen that there is a significant interaction between the factors

for all elements except CI. In other words, the different types of seed cake respond

differently to the leaching, with respect to the levels of these elements.

Table 6-4: p-values from ANOVA of type A XRF data

Type LeachState Interaction
K 0.000 0.000 0.000
Ca 0.011 0.003 0.005
Mg 0.038 0.000 0.004
P 0.000 0.000 0.000
Cl 0.910 0.000 0.920
S 0.000 0.000 0.000
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The nature of this variation can be seen by examining the interaction plots in Figure
6-17, where a steeper gradient indicates a greater change in the level of the element
after leaching. K, Mg, P and Cl see falling levels during leaching, in all three types of
seed cake. The type A (fine) undergoes a greater decrease in the K, Mg and P content
compared to the type A (medium). All 3 types of seed cake show a similar response to
leaching where Cl is concerned, as reflected in the high p-value for the interaction (p
=0.920 > 0.05) and the “type” variable (p = 0.910 > 0.05); this is also illustrated in the
parallel lines in the interaction plot and the near-horizontal line in the “type” main
effects plot. Irregular trends are observed in the S and Ca content (with the Ca content
even appearing to increase) and these are attributed to the inhomogeneity in the

biomass and uncertainty of the instrument when measuring small quantities.

6.5 Discussion

The major drawbacks of biomass firing include deposit formation and corrosion,
and these are direct consequences of the high inorganic content of biomass. There are
two modes of deposit formation — slagging and fouling — and both deposits are
composed of the sulphates, chlorides, hydroxides and silicates of alkali and alkaline
earth metals. Slagging is caused by molten ashes in the high-temperature radiative
sections of the boiler, while fouling is caused by ash deposits formed during cooling
in the lower-temperature convective sections (Bryers, 1996; Savolainen, 2003;
Teixeira et al., 2012). K and CI have been considered in previous studies to be the
critical inorganic elements which are responsible for ash deposit formation and
corrosion (Hansen & Nielsen, 2000; Sander, 1997; Wieck-Hansen et al., 2000; Yin et
al., 2008). Nielsen et al. (2000) proposed several mechanisms by which CI is
responsible for corrosion in combustion systems, including those involving gaseous

Cl species, ClI species in solid deposits and CI species in the molten state. It was
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observed that the presence of K aggravates the corrosion problem since K species are

part of certain reaction mechanisms related to corrosion.

Of the inorganic elements investigated, K and Cl show a definite decrease
following leaching. This is consistent with the results from leaching studies conducted
on other types of biomass — rice straw (Jenkins et al., 1995), banagrasse (Turn et al.,
1997), olive-derived biomass (Vamvuka et al., 2008), grassland herbage (Tonn et al.,
2011). At 20°C, the K and CI content of the untorrefied type B Jatropha biomass
decreased by 85% and 97%, respectively. K is the dominant inorganic component of
Jatropha seed cake, and hence its reduction is a vital outcome of the leaching process.
In the case of the untorrefied biomass, the K content is reduced to less than 1 wt%,
while Cl is reduced to approximately 0.02 wt%. In comparison, the K and Cl range of
typical coals is 0.01-0.09 wt% and 0.01-0.03 wt%, respectively (Oleschko et al., 2007).
The leaching process is hence effective in bringing down the levels of these crucial
inorganic elements in the untorrefied biomass closer to those of coal. This implies that
leached Jatropha seed cake could be co-fired with coal without a significant increase

in the possibility of slagging, fouling or corrosion.

The increase in the HHV that was observed was not one of the primary aims
behind leaching; instead, torrefaction is the pre-treatment process that aims to enhance
the HHV. However, the mild increase in HHV following leaching is a welcome
secondary benefit, since a higher HHV is a desirable characteristic for a biofuel.
Enhancement of the HHV following leaching has been reported previously as well
(Said et al., 2013; Yu et al., 2014). Although the higher HHV following leaching is
advantageous, it should be noted that it is at the cost of the total energy content of the
biomass, as some organic content is being lost via the leachate. Quantification of the

relative energy loss is beyond the scope of this study, but is suggested as an area for
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future investigations. Relative energy losses ranging from 1% to 28% have been
reported in the literature, with increasing leaching temperature having a detrimental

effect on the loss value (Deng et al., 2013).

In the UT type B samples, the K content decreased from 0.90 wt% to 0.69 wt%
when the leaching temperature was increased from 20°C to 35°C, a reduction of only
0.21 wt%. Increasing the leaching temperature to 50°C caused a further reduction in
the K content by 0.25 wt%. A similar minute decrease was observed in the LT samples.
However, the MT samples saw a more substantial reduction of 1.38 wt% and 2.62 wt%
when the temperature was increased from 20°C to 35°C and 50°C, respectively. These
figures are significant when considering that the difference between the unleached and
20°C-leached samples is only 2.44 wt%, compared to 4.92 wt% and 5.19 wt% in the
case of the UT and LT samples, respectively. Leaching at room temperature is hence
adequate in the case of untorrefied or mildly torrefied samples. More intensely-

torrefied seed cake sees an appreciable benefit from higher leaching temperatures.

In the HT type B samples however, the K content decreases by only 0.09 wt%
when the temperature is increased from 20°C to 35°C, and by a further 0.86 wt% when
increased to 50°C. This trend indicates that at this degree of torrefaction, a much higher
water temperature would be required to cause any appreciable leaching. Although
further experimental work can be done to ascertain this, using very high water
temperatures have negative practical implications such as controlling evaporation and

a higher energy expenditure to maintain the temperature for extended periods of time.

The inorganic content of the untreated type A seed cake was higher than that of the
untreated type B. However, after leaching at the median temperature of 35°C, the total

inorganic content of the type A falls to lower than that of the type B. Comparing the
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two particle size fractions, K, Mg and P showed an improvement in leachability when
the particle size was smaller. However, the change in the overall inorganic content is
not substantially larger with the finer particles. Since the initial (unleached) inorganic
levels of the finer size fraction was higher, the inorganic composition of the two
leached type A size fractions appear to be similar. Hence, using a finer particle size
merely for the purpose of improving leachability of the type A biomass would not be
justified. The higher leachability of the type A vis-a-vis the type B at 35°C also
suggests that leaching at 20°C would be sufficient for the untorrefied type A seed cake,

irrespective of the particle size (for particles <2.36 mm).

6.6 Concluding remarks

This study is that of the second stage of a two-step pre-treatment process, the first
stage being torrefaction. Invariably, the optimum leaching parameters cannot be
recommended without reference to the corresponding torrefaction parameters; the final
form of the fuel is the culmination of the optimisation of both processes. The
torrefaction study carried out on the type B seed cake determined an envelope of
optimum torrefaction parameters, i.e. torrefaction temperature and holding time — for
a holding time of 30 min, the optimum torrefaction temperature was approximately

240-250°C (see Section 5.4).

These conditions correspond to the MT samples in the present study. As discussed
earlier in this section, a leaching temperature of 50°C can be recommended for these
samples since it would offer a significant increase in leaching efficiency over lower
temperatures — 67% of K was leached out compared to 51% at 35°C and 32% at 20°C.
For this combination of torrefaction and leaching conditions, the leaching process has
plateaued before 22 h with respect to the EC readings (Figure 6-8). However, 75% of

the leaching has occurred by the end of the 6™ hour. A more narrowed-down study,
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which is beyond the scope of the current work can be conducted in future with more
regular intermediate EC readings to optimise the leaching time. Consideration of the

energy costs of keeping the leaching water at 50°C by exploring options such as solar

heating is also suggested.
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7/ COMBUSTION MODELLING

7.1 Introduction

The fundamental aim of this research work is to ascertain the suitability of pre-
treated Jatropha curcas seed cake for co-firing. Combustion of solid fuels is a complex
process. This is even more so when two fuels, i.e. biomass and coal, are fired together.
The fundamental differences between biomass and coal in properties such as reactivity,
HHYV, proximate and ultimate analysis, and particle characteristics can have a
profound effect on their combustion characteristics. This is further compounded by the

possibility of interaction effects between the two fuels.

This section of the study focused on the use of CFD as a tool to analyse the
behaviour of Jatropha curcas seed cake when co-fired with a typical bituminous coal.
Figure 7-1 shows the overall workflow followed for the combustion modelling study.
The CFD model was developed in Ansys Fluent 14.0 (ANSYS Inc., 2011b) for a drop
tube furnace (DTF), and DTF runs are used to validate the model (Section 7.4). The
accuracy of the model depends on the model inputs; although the fundamental fuel
characteristics could be measured, there are several uncertainties in the model inputs
resulting from limited experimental data and the lack of such data in the literature (as
Jatropha curcas seed cake is still a novel source of energy). The model was adapted
to fit the DTF data. However, these limitations mean that the extraction of detailed
quantitative data cannot be justified. Hence, the objective of this study would be to
analyse the effect of torrefaction and co-firing from a qualitative/semi-quantitative

standpoint, and establish an understanding of the mechanisms.
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Figure 7-1: Overall workflow for combustion modelling study
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7.2 Geometry and meshing

A 2D axi-symmetric mesh was used for the CFD modelling. A 2D mesh in axi-
symmetric mode cuts down on computational time compared to a full 3D mesh. Since
the domain is truly axi-symmetric, 2D modelling of a “slice” of this cylinder is
sufficient as this can then be rotated around the axis. Figure 7-2 (Sarroza et al., 2014)
shows the section of the DTF that is represented in the mesh (marked out by the dashed
line). Table 7-1 gives a summary of the fundamental settings and dimensions of the
DTF, while a detailed methodology of the DTF operation is discussed in Chapter 3

(Section 3.5).
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Figure 7-2: Schematic of DTF, showing the volume that is modelled (Sarroza et al., 2014).
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Table 7-1: Summary of fundamental DTF settings and dimensions

Target temperature 1300°C
Carrier gas flow rate 1 1/min
Main gas flow rate 11.1 I/min N2 + 1.2 I/min O,
Feeder probe diameter 3mm
Collector probe diameter 15 mm
Probe separation* 0.22m
Work tube diameter 50 mm

*Distance between exit of feeder probe and inlet of collector probe, i.e. shortest distance travelled
by particle between the two probes.

The initial geometry was created in Ansys DesignModeler, as shown in Figure 7-3.

A combination of rectangular sketches were used to generate a 2D surface.

Ansys Meshing was then used to generate the mesh from the geometry. The
“mapped meshing” and “fixed advanced sizing” features were used to obtain a grid of
uniformly-sized quadrilateral faces (Figure 7-4). This method was chosen to minimise
the orthogonal skew and maximise the orthogonal quality. These two mesh statistics
are indicators of a high-quality mesh (ANSYS Inc., 2011b). A summary of the
boundary conditions is shown in Table 7-2, while the names of the boundaries are

shown in Figure 7-4.

Table 7-2: Summary of boundary conditions used.

air_in Mass flow inlet; 2.35x10* kg/s; 1300°C
fuel_in Mass flow inlet; 1.94x10° kg/s; 20°C
air_out Wall; 30°C *

fuel_out Outflow

inlet_wall Wall; 1300°C

collector_wall Wall; 30°C

furnace_wall Wall; 1300°C

symmetry Axis

* Wall assumption made since this outlet is blocked and all outflow is through the collector probe.
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Figure 7-3: Geometry created in Ansys DesignModeler.

direction of flow

Figure 7-4: Generated mesh (mesh no. 3) showing boundary names and flow direction.
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7.2.1 Mesh optimisation

A mesh-independence study was carried out to ascertain that the mesh size (how
fine the mesh is) does not have a significant effect on the results, and to determine the
optimum mesh size. By varying the maximum face size, six meshes were generated,
as shown in Table 7-3. This table also shows the minimum orthogonal quality and the
maximum orthogonal skewness of the generated meshes obtained from the “mesh
statistics” feature, the former being closer to 1 and the latter being closer to 0 indicates

a mesh with good quality (ANSYS Inc., 2011b).

Table 7-3: Mesh properties

Mesh no. 1 2 3 4 5 6
Max. face size (mm) 15 1.25 1.0 0.5 0.4 0.3
No. of cells 2791 4188 6810 26180 41349 72296
No. of particle streams 1 1 2 3 4 5
Min. orthogonal quality 0.950 1.00 1.00 1.00 0.992 0.998
Max. orthogonal skew 0.202 1.30x10°3 8.63x107° 1.31x10"° 8.47x1073 2.14x107°

An identical case was run on all six meshes, and three measured outputs (monitors)
were chosen for comparison — the temperature integrals at two x-positions along the
mesh (0.15 m and 0.25 m), and the particle volatile matter conversion (Figure 7-5).
The volatile matter conversion (VMC) is particularly important since it is used to
validate the model against empirical data from the DTF (Section 7.4.1). Also, there
was some concern that the number of particle streams could have an effect on the
VMC; since a surface injection is used (Section 7.3.3) the number of particle streams
is dependent on the number of faces on the injection surface, and this varies with the

mesh density (Table 7-3).
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Excluding the coarsest mesh, a reasonable level of mesh-independence was seen.
The maximum variation among the VMC and the temperature integrals were 4.2% and
1.4%, respectively. It is also noteworthy that although the variation of the monitors
was small, the number of cells in the mesh (and hence the computational cost)
increases exponentially as the maximum face size is decreased (Figure 7-6). The
computational cost was measured using the average time per iteration reported by
Fluent; a PC with an Intel Core-i5 3.1 GHz processor and 4GB of RAM was used for
the CFD work. Taking into consideration these factors, mesh 3 was chosen to be used

for the rest of the study.
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Figure 7-5: Variation of monitors with maximum face size
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Figure 7-6: Variation of no. of cells and average time per iteration with maximum face size.

7.3 Sub-models

The combustion process inside the DTF was modelled as a two-phase flow. The
continuous phase (or fluid phase) consists of the gases inside the work tube, i.e. the
primary (N2) and secondary (N2 and Oz mixture) inlet flows, volatiles evolved, reaction
intermediates and products. The discrete phase (or solid phase) consists of the solid
fuel (biomass and/or coal) particles. Fluent uses an Euler-Lagrangian approach, where
the continuous phase is modelled using Navier-Stokes equations and the discrete phase
is modelled by tracking the particles through the flow field. The system was modelled
as steady state, since the DTF setup aims to achieve a steady, laminar-regime flow
with minimum fluctuations. Table 7-4 summarises the sub-models used and the key
parameters for each sub-model. Unless specified, the default parameters have been

used.

7.3.1 Turbulence

The most commonly-used approach to modelling turbulence in co-firing
applications is the k-¢ model and its two variants, i.e. RNG and realisable (Tabet &

Gokalp, 2015; Wang & Yan, 2008). The realisable k-¢ model was implemented in this
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case, since this model has been favoured in recent studies due to its pragmatic
compromise between accuracy and computational demand, and better solution

convergence (Black etal., 2013; Li et al., 2009; Park et al., 2015a; Rezeau et al., 2012).

7.3.2 Chemistry and turbulence-chemistry interaction

The chemistry model to be used is dependent on the turbulence-chemistry
interaction model.. The turbulence-chemistry interaction was modelled using the
Eddy-Dissipation model (EDM) (Magnussen & Hijertager, 1977). EDM is a
commonly-used interaction models for biomass combustion studies, and is appropriate
for one-step or two-step reaction chemistries. The EDM assumes that reaction rates
are limited by turbulent mixing (as is the case with fast-burning fuels) and hence avoids

computationally-expensive Arrhenius chemical kinetics calculations.

The volumetric combustion chemistry, i.e. the reactions occurring in the gaseous
phase, was modelled using the Species Transport model. This model involves solving
conservation equations for each chemical species, i. Equation 7-1 is the general form

of the conservation equation:
d . -
%(pYi) +V.(pvY;)) ==V.J,+R; + S; Eqgn 7-1

where Y; is the local mass fraction of a species i, Si is its rate of addition from the
dispersed phase and J; is its diffusion flux (modelled by Fick’s Law). R; is the net rate
of production of i by chemical reaction, and is calculated by the EDM (ANSYS Inc.,

2011a).

A two-step mechanism was used for the gaseous phase reaction, as follows:
CxHyOZ + (102 = bCO + CH20 + dNZ Eqn 7-2

CO +0.5C0, = CO, Eqn7-3
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Hence, the volatiles in the gaseous phase (which are represented by CxHyO;) undergo

oxidation via an intermediate CO species.

The Coal Calculator is a tool available within Fluent. The proximate and ultimate
analyses (measured by the TGA and CHON analyser respectively), the HHV
(measured by the bomb calorimeter) and the desired reaction mechanism (two-step)
are entered into the calculator. Fluent then uses this data to calculate and set the
relevant input parameters for the Species Transport and Discrete Phase (Sections 7.3.2

and 7.3.3) models for each case.

7.3.3 Discrete phase
The Discrete Phase Model (DPM) treats the fuel particles using a Lagrangian

approach. The DPM calculates the particles’ motion through the continuous phase, as
well as their heat and mass exchange with the continuous phase. The particle injections
were defined as shown in Table 7-4. A surface injection from the fuel inlet was
specified; a particle stream is emitted from each face on this surface. The velocity
magnitude was calculated from the carrier gas flow rate (2.36 m/s), and the average
flow rate was calculated from the time taken to feed a measured quantity of sample.
The continuous and discrete phase calculations were coupled, i.e. the discrete phase
affects the continuous phase (two-way coupling), with 10 continuous phase iterations
being performed for every DPM iteration. This number was chosen by trial and error,

based on solution convergence and stability.

7.3.3.1 Particle motion

The particle trajectory is governed by the following force balance:

d —
ﬁ=FD(u_up)+gx(pp p)

Egn 7-4
dt Pp an
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where up is the particle component velocity, u is the fluid velocity, Fp is the drag force,
gx is the gravitational force component, pp is the particle density and p is the fluid

density. The drag force is calculated by:

_ 18u CpRe
P pydz 24

Egn 7-5

where u is the fluid viscosity, dp is the particle diameter, Cp is the drag coefficient and
Re is the Reynold’s number. The drag coefficient is calculated using the non-spherical
drag law developed by Haider & Levenspiel (1989). This model uses a shape factor to
account for non-spherical nature of the particle. The shape factor is the ratio of the
surface area of a sphere having the same volume of the particle, to the actual surface

area of the particle.

7.3.3.2 Particle heat and mass exchange
For the case of a combusting particle, the heat and mass exchange of the particle

are governed by four laws, which are activated in succession:

Inert heating
This models the heating of the particle until it reaches its vaporisation temperature.
A simple heat balance is used to calculate the particle temperature by taking into

account the convective and radiative heat transfer.

Devolatilisation
The devolatilisation of the particle was modelled in this case by the single first-

order reaction:

———==k[m, — (1= f,,0)mpo] Eqn 7-6
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where mp is the particle mass, mpo is the initial particle mass, and fvo is the initial

volatile fraction. k is the rate constant, which is given by:

—E
k = AeRT Eqn 7-7

where A is the pre-exponential factor, E is the activation energy, R is the universal gas
constant, and T is the particle temperature. The kinetic parameters A and E were
calculated from TGA runs (using the method detailed in Section 3.4.1.2) and entered

into the model. The values of A and E are given in Table 7-6.

Surface combustion

Surface combustion of the char is initiated after complete devolatilisation has taken
place. A simple diffusion-limited model was used in this case, since accurate surface
combustion kinetics were not available. The diffusion-limited model has been used in
previous biomass co-firing studies (Yin et al., 2004; Yin et al., 2010). Complete
devolatilisation was not expected in the present case due to the low particle residence
time in the DTF. Hence, accurate modelling of the char combustion was not considered

vital.

Inert cooling
This is similar to the inert heating law, in that the heat balance is used to calculate

the particle temperature after complete devolatilisation.

7.3.4 Radiation

The discrete ordinates (DO) model was used to model the radiative heat transfer.
This is a widely-used radiation model in biomass combustion and co-firing studies
(Alvarez et al., 2014; Bonefacic et al., 2015; Gubba et al., 2012; Stroh et al., 2015).
The DO model solves the radiative transfer equation for a number of discrete solid

angles (angular discretisation). Each solid angle is associated with a vector direction
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fixed in the global Cartesian coordinate system. The radiative transfer equation
accounts for the absorption, emitting and scattering of radiation in the different

direction vectors (ANSYS Inc., 2011a).

7.3.5 NOX

The formation of NO was modelled by using the Thermal model. This mechanism
is temperature dependent and calculates the NO formed from the cracking of
atmospheric N2 at very high temperatures. It is based on the following equilibrium

reactions:

0+N, 2N +NO Eqn 7-8
N+0,20+NO Eqn 7.8
N +OH = H + NO £qn 7-10

Other NO formation models that are available include the Prompt NO model and
the Fuel NO model. However, these were not activated since they require inputs which
were not known for this case and would introduce further uncertainty. For instance,
the Fuel NO model requires the ratio to which the N content was split with the volatiles

and the char.
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Table 7-4: Summary of models and model parameters used

Viscous (Turbulence)

Model Realisable k-epsilon
Near-wall treatment Standard wall functions
C2-Epsilon 1.9

TKE Prandtl number 1

TDR Prandtl number 1.2

Energy Prandtl number 0.85

Wall prandtl number 0.85

Turbulent Schmidt number 0.7

Species (Chemistry)

Model

Species transport

Reactions

Volumetric

Turbulence-Chemistry interaction

Eddy-dissipation

DPM

Particle treatment Steady state

No. of continuous phase iterations per DPM iteration | 10

Injection type Surface (fuel_in)
Particle type Combusting
Material Varies with case
Diameter distribution Uniform
Diameter Varies with case
Temperature 300 K

Velocity magnitude 2.36 m/s

Total flow rate 1.2x10* kg/s
Turbulent dispersion Disabled

Drag law

Non-spherical (shape factor varies with case)

Devolatilisation

Single first order reaction

Char combustion

Diffusion-limited

Radiation
Model Discrete Ordinates
Angular discretisation 3 pheta divisions
3 phi divisions
1 theta pixel
1 phi pixel
NOx
Model Thermal
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7.4 Model validation

7.4.1 Drop tube furnace testing

Samples of both untorrefied and torrefied type A material were combusted in the
DTF. The untorrefied type B runs on the DTF were unsuccessful since the relatively
high oil content caused clumping and blocking of the feeder probe, which is only 3
mm in diameter. In order for the runs to be effective, the DTF requires a relatively fine
particle size. Hence, the fine particle size fraction (<1 mm) of the type A was used.
The torrefied samples used were from the median torrefaction intensity - 250°C for 30
min. The key material properties of both the untorrefied and torrefied biomass are

included in Table 7-6 (Section 7.5.1).

Triplicate runs were carried out in each case. After passing through the DTF, the
proximate analysis of the samples was carried out using TGA. In order to determine
the fraction of the original volatile matter content which had been lost (volatile matter
conversion, VMC), it is necessary to know the total weight loss of the sample as it
passes through the DTF. However, direct measurement of the weight loss in not
possible since the collection efficiency of the DTF is low; particles can stick to the
feeder and collector probes. Hence an indirect method known as the ash tracer method
was used (Shuangning et al., 2006). This is widely-used in DTF testing, and relies on
the assumption that the ash content does not undergo any change within the DTF.
Using the ash tracer method, AW, the mass loss of the sample as a percentage of the

original mass, is given by:

A
AW = 100 x (1 _ Z) Eqn 7-11

where A and A4~ are the dry ash contents of the original sample and the char (after
passing through the DTF), respectively.
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V¢, the VM content of the char as a percentage of the original mass, was then

calculated as follows:

— !

c
100

where 7 is the dry VM content of the char measured by proximate analysis.

The VMC is then calculated:

VMC = 100 X 4 % Ve Eqn7-13

where V is the dry VM content of the original sample measured by proximate analysis.

The VMCs for each DTF run, along with the calculation steps, are shown in Table
7-5. It was observed that the mean VMC of the torrefied material was higher than that
of the untorrefied samples. However, it should be noted that there is a degree of overlap
between the untorrefied and torrefied samples, as illustrated in Figure 7-7. A larger
coefficient of variation (CV) was obtained in the untorrefied case. A significant degree
of uncertainty would be expected considering the several variables that affect the
operation of the DTF, in addition to the unique challenges posed by biomass testing
such as the low collection efficiency and inhomogeneity within the biomass itself

(especially in the untorrefied samples).

The empirical VMCs thus obtained would be used to validate the CFD model.
However, taking the above-mentioned sources of error should be taken into account

when interpreting the results from the CFD model.
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Table 7-5: Calculation of volatile matter conversion % (VMC)

Untorrefied type A (<1 mm) Torrefied type A (<1 mm)
V (%) 70.9 63.1
V' (%) 60.8 57.2 49.6 36.9 38.9 43.2
A (%) 5.9 7.6
A' (%) 13.9 11.8 18.4 20.0 17.3 16.3
AW (%) 57.3 50.1 67.9 62.2 56.2 53,5
Ve (%) 25.9 28.6 15.9 14.0 17.0 20.1
VMC (%) 63.4 59.7 77.5 77.9 73.0 68.2
mean VMC (%) 66.9 73.0
CV of VMC (%) 14.1 6.6
76 -
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Figure 7-7: Interval plot of the empirical VMCs, error bars show the standard error.

7.4.2 Sensitivity analyses

The basic fuel properties such as the proximate analysis, ultimate analysis, HHV
and devolatilisation kinetics were measured and input into the CFD model. However,
there were several gaps in the required inputs where empirical measurements could
not be made. Furthermore, the novelty of the use of Jatropha curcas seed cake as a
fuel means that these unknown properties are unavailable in literature as well, as
limited characterisation work has been done to date. The estimates used as inputs in
these cases introduce uncertainties in the results; therefore, sensitivity analyses were

conducted quantify these effects. In each case, the uncertain property in question was
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varied while all other model parameters were fixed; the effect of this variation on the

volatile matter conversion % (VMC) was studied.

7.4.2.1 Devolatilisation Kinetics and particle size
The most fundamental uncertainties were with respect to the particle size and the

devolatilisation kinetics.

Although the samples used in the DTF had been sieved to less than 1 mm, an
accurate distribution within this size fraction could not be determined. A tendency of
the particles to agglomerate resulted in ineffective sieving at fine mesh sizes, and hence
a sieve analysis could not be performed. This issue also meant that an optical particle
analysis using a Retsch Camsizer (Retsch Technology, 2016) also did not yield reliable
data; Figure 7-8 (a) and (b) shows the clumping of untorrefied type A particles as seen
through the Camsizer unit and SEM (scanning electron microscopy), respectively.
Figure 7-9 is the particle size distribution for the untorrefied type A, obtained from the
Camsizer. The normal-like distribution which would be expected is observed in the 0-
300 um range, with a centre of approximately 200 um. A small peak is observed at
approximately 400 um, followed by a much larger peak centred at ~600-700 um. It
can be postulated that these latter peaks are the result of the agglomeration of two or
more 0-300 um particles. The fact that the latter peaks occur approximately at
multiples of 200 um further supports this. Hence, although the Camsizer results are far
from conclusive, they support the possibility that the majority of the individual

particles are in the 20050 um range.
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Figure 7-8: Type A particles as observed by (a) Camsizer, (b) SEM.
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Figure 7-9: Particle distribution for untorrefied type A, measured by Camsizer

The devolatilisation kinetics were measured using TGA data. This method is
acceptable to compare the kinetics between different materials. However, data
obtained from the TGA cannot be reliably applied to the DTF as there is a vast
difference in the heating rate between the two instruments — a heating rate of 15°C/min

was used in the TGA runs, while that in the DTF is in the order of 10*-10° °C/min.
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Hence, the approach taken was to carry out the CFD runs with the devolatilisation
kinetics obtained from the TGA (as given in Table 7-6 in Section 7.5.1), along with
constant particle diameter injections (this was specified in the DPM settings). The
VMC calculated by the model was compared with that obtained from the DTF, and the

impact of particle size on the VMC was gauged.
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Figure 7-10: Variation of VMC with particle diameter (untorrefied case)
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Figure 7-11: Variation of VMC with particle diameter (torrefied case)
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Figure 7-10 and Figure 7-11 show the effect of the particle diameter on the VMC
for the untorrefied and torrefied cases, respectively. The VMC range obtained from
the DTF is 59.7%-77.5% and 68.2%-77.9% for the untorrefied and torrefied samples,
respectively (Table 7-5). For the untorrefied case, this corresponds to a particle
diameter of <40 um. The corresponding diameter is higher for the torrefied case, at
approximately 80-90 um. A possible reason for this apparent increase is that particles
have undergone agglomeration after torrefaction. Another factor is the possibility of
particle swelling during the torrefaction process. This phenomenon has been observed
before in a different type of biomass by Dufour et al. (2012) — Miscanthus biomass
underwent swelling at torrefaction temperatures up to 250°C. However, the
uncertainty of the TGA kinetics would be a definite and significant contributor to this

difference in particle size.

Overall, the particle size range obtained is at the low end of the possible spectrum
of 0 to 1000 um. Although an accurate particle size distribution could not be measured
empirically, as explained earlier in this section, the tentative empirical measurements
indicate a mean particle size higher than 150 um. The lower particle diameter predicted
by the CFD runs is a reflection on the unreliable applicability of the TGA kinetics to

the DTF due to the substantial difference in heating rates.

Single first order reaction (SFOR) devolatilisation kinetics parameters do not take
into account heat transfer effects to and within the particle; they are based on the
assumption that the particle is at a uniform temperature. TGA runs which are
performed at relatively low heating rates allow larger particle sizes to be used while
satisfying this assumption, but this assumption is no longer valid within the DTF. , As
the reaction kinetics are dependent on the heating rate, the TGA kinetics cannot be

directly applied to the DTF to make accurate predictions of absolute values. However,
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considering the lack of high-heating rate kinetic data, the TGA kinetics were deemed
suitable enough to make a comparative analysis between untorrefied biomass, torrefied
biomass and coal (see Section 7.5.1) as long as the kinetics for all the cases were
derived under similar TGA conditions. Previous studies by Stroh et al., (2015) and

Zhang et al., (2013) have also utilised TGA kinetics in combustion modelling cases.

For the rest of the validation CFD runs, it was assumed that the biomass injection
can be modelled by a single particle diameter of 30 um and 85 um (based on the mean
VMC obtained from the DTF) for the untorrefied and torrefied cases, respectively,

while using the TGA kinetics

7.4.2.2 Density
The particle density affects its velocity through the fluid phase and hence its

residence time in the high-temperature zone. This in turn would change the VMC.

Although the bulk density of Jatropha curcas has been reported in literature as 670
kg/m?® (Kavalek et al., 2013), this is not indicative of the particle density which is what
has to be input in to Fluent. The particle density would depend on the pressing process
used to extract the oil out of the seeds. Since pelletisation would also require the
material to be pressed, the typical density of biomass pellets was considered to be
representative of the particle density of the seed cake. The density of biomass pellets
can be in the range of 1000-1400 kg/m? (Bergstrém et al., 2008; Stelte et al., 2011b);
since the type A seed cake easily sinks in water, a density range of 1200-1500 kg/m?®
was used for the sensitivity analysis (Figure 7-12). The VMC shows a mild sensitivity
to the density — the VMC decreased by 17% as the density was increased by 25% - in

the torrefied case, with negligible change in the untorrefied case.

222



Volatile conversion (%)

40
30
20
10
0
1200 1250 1300 1350 1400 1450 1500
Density (kg/m3)
—@— untorrefied —a— torrefied
Figure 7-12: Variation of VMC with particle density
7.4.2.3 Shape factor

Figure 7-13 illustrates the sensitivity of the VMC to the shape factor. The shape
factor is a parameter used to account for the non-spherical nature of particles. A shape
factor of 1 would be the simplest case, where the particle is modelled as a perfect
sphere. A shape factor of 0.5 means that the particle has a surface area twice that of a
sphere of the same volume. The shape factor has a negligible effect on the VMC in the
case of the untorrefied biomass. For the torrefied case, the VMC increased by 8% when
the shape factor is decreased by 60%, indicating a mild sensitivity. Coal particles can
typically be modelled as simple perfect spheres, i.e. shape factor of 1 (Ma et al., 2009).
However, the fibrous nature and irregular shape of biomass particles means that a
lower shape factor would be more suitable. The shape factor of the untorrefied biomass
was assumed to be 0.7. It has been reported in literature that the torrefaction process
causes particles to become more spherical (Arias et al., 2008). Hence, a shape factor

of 1 was assumed for the torrefied case.
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Figure 7-13: Variation of VMC with shape factor

7.4.2.4 Emissivity

Emissivity is a measure of the how effectively radiative heat is transferred to the
particle. The baseline value of 0.9 is the default value used in Fluent. Although 0.9 is
commonly used in biomass studies, values as low as 0.75 have also been reported
(Gupta et al., 2003; Ma et al., 2009; Pokothoane, 2010). Figure 7-14 shows the
variation of the VMC with the emissivity. There is a linear positive relationship
between the emissivity and the VMC, as higher heat transfer to the particle would
result in a higher particle temperature and hence more devolatilisation. The sensitivity
IS moderate in the case of the torrefied biomass — VMC drops by 11% when the
emissivity is decreased by 22% from the baseline of 0.9 to 0.7. There is a relatively

negligible effect in the untorrefied case.
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Figure 7-14: Variation of VMC with emissivity

7.4.2.5 Overview of sensitivity analyses

The particle size and kinetics were considered the most significant uncertainties.
The TGA kinetics were fixed and the effect of varying the particle size was analysed.
Based on the VMCs thus predicted from the model,and the empirical VMCs obtained
from the DTF, representative particle diameters of 30 um and 85 um were chosen for
the untorrefied and torrefied cases, respectively. These assumptions were considered

sufficient for a comparative study without a detailed quantitative aspect.

The density and shape factor had a mild effect on the VMC in the case of the
torrefied biomass, while the emissivity had a more significant effect. However, the

sensitivity of the untorrefied biomass to these three factors was relatively negligible.

7.4.3 Stochastic tracking

Stochastic tracking (ST) uses the discrete random walk (DRW) model to model the
effects of turbulence on the particle trajectories, i.e. the turbulent dispersion. ST was

not performed on the sensitivity analyses and co-firing cases in order to reduce
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computational time and improve convergence. However, two simulations with ST
enabled were carried out for the baseline untorrefied and torrefied cases, in order to
determine if there is a change in solution. 10 stochastic “tries” were performed for each
particle track that is injected at the fuel inlet, i.e. 10 particle trajectories per non-ST
track. This results in a total of 20 different particle trajectories per symmetric half of

the 2D mesh.

Figure 7-15 shows the particle tracks coloured by particle temperature. In both
cases, the majority of the particles (approximately 90%, as calculated from the particle
mass flow rates at the inlet and outlet) exit the furnace through the collector probe.
This indicates that the entrained flow conditions remain valid to a significant degree

even with very small particles in the order of 20 um.

The VMCs obtained with ST enabled were 67.2% and 71.9% for the untorrefied
and torrefied cases, respectively. The corresponding values without ST were 74.8%
and 77.4%. Despite the difference in VMCs between non-ST and ST cases, they all
fall within the corresponding ranges of empirical VMCs obtained from the DTF runs.
The particle size would have an effect on the turbulent dispersion modelled by ST.
Since the particle sizes used in the CFD are not an accurate representation of the actual
particle size used in the DTF runs (as they were adjusted to fit the TGA Kkinetics, see
Section 7.4.2.1), it is possible that an additional degree of error is introduced by
enabling ST. Furthermore, the present CFD study is comparative in nature.
Considering these factors, using ST could not be justified for the subsequent CFD runs,

and the simpler non-ST approach was chosen.
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Figure 7-15: Particle tracks with stochastic tracking enabled for (a) untorrefied, (b) torrefied biomass
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7.5 Finalised model and results

7.5.1 Material properties

Table 7-6 presents the material/particle properties that were used in the main study.
Experimental measurements were made of the fundamental properties of the
untorrefied and torrefied biomass, while the selection of uncertain or estimated
properties was justified in Section 7.4. The properties of a typical coal (a high-volatile
bituminous coal) was taken from literature (Biagini et al., 2002). This source was
chosen since the devolatilisation kinetics were measured in similar conditions to those

of the Jatropha seed cake (20°C/min in an N2 flow).

Table 7-6: Key material/particle properties used in the finalised model

Jatropha curcas seed cake (type A, <1 mm)
Bituminous coal
Untorrefied Torrefied

Moisture (%) 3.62 3.06 21
Volatile matter (%) 69.26 61.18 3261
Fixed carbon (%) 21.39 28.41 58.0 !
Ash (%) 5.70 7.33 741
DAF C (%) 53.02 58.31 81.8

DAF H (%) 6.99 5.72 5.6

DAF N (%) 5.13 4.55 1.3
DAF O (%) 34.87 31.42 11.3

HHV (MJ/kg) 20.76 24.22 29
E (kJ/mol) 63.1 79.2 91.2

A (s 1190 13800 955
Density (kg/m?) 1400 2 1400 2 1400 3
Shape factor 0.7 4 1.0 * 1.0 4
Emissivity 0.9 ° 0.9 ° 09 5%

! Since the proximate analysis was presented in the source in dry basis, a nominal moisture value of
2% was assumed, and the proximate analysis re-calculated to as-received basis.

2 See Section 7.4.2.2.

3 Estimated value.

4 See Section 7.4.2.3.

5 See Section 7.4.2.4
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7.5.2 Individual biomass/coal combustion

Figure 7-16 (c) and (d) shows the temperature distribution for the untorrefied and
torrefied cases, respectively. Both cases have a similar VMC (30 um and 85 um
particle diameter for the untorrefied and torrefied cases, respectively). The “flame”
can be considered the areas where the temperature is greater than the 1490-1580 K
band (as the DTF temperature was set to 1573 K). For comparison, Figure 7-16 (a)
shows the temperature distribution with no combustion (inert particle). The distinct
shape of the flame is visible in both biomass cases (¢ & d). However, there is a
difference seen in the size and position of the flame. In the untorrefied case, the flame

starts closer to the top of the furnace, and is more widely distributed.

This difference can be attributed to the devolatilisation characteristics of the two
materials. The untorrefied biomass has a lower activation energy. Hence, the reaction
can commence at a lower particle temperature (closer to the top of the furnace).
However, the pre-exponential factor is higher in the torrefied biomass by an order of
magnitude. The pre-exponential factor determines the overall magnitude of the
reaction rate. Hence, although the devolatilisation is delayed in the case of the torrefied
biomass, it is more intense when it starts. This allows the torrefied case to achieve a
VMC similar to that of the untorrefied biomass, even though the activation energy is
higher. This effect is graphically illustrated in Figure 7-17 (a) and (b), which are
contour plots of the devolatilisation rate for the untorrefied and torrefied cases,
respectively. Although the onset of devolatilisation is delayed, a higher
devolatilisation rate of 5.1x10° kg/s is obtained in the torrefied case, compared to

3.6x10° kg/s for the untorrefied biomass.

However, the delayed onset of devolatilisation in the torrefied case means that

more volatiles combustion occurs within the collector probe. Since the collector probe
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is cooled, the temperature of the flame is controlled. This explains the lower-than-
expected peak temperatures observed with the torrefied biomass — the peak
temperatures recorded within the modelled volume was 1785°C and 1720°C for the
untorrefied and torrefied cases, respectively. The lower temperatures obtained with the
torrefied biomass are hence not a result of a lower energy release from the combustion
reaction itself — the heats of reaction calculated over the modelled volume was higher
for the torrefied case at 127 W, compared to 104 W for the untorrefied biomass (as

expected because of the torrefied biomass’ higher HHV).

In a practical sense, this difference in devolatilisation characteristics and flame
temperatures is important since it can affect the formation of NOx pollutants. The
maximum NO formation rates were 1.3x10* mol m? s and 3.4 x10° for the
untorrefied and torrefied cases, respectively. The NO flow rates at the outlet were
4.9x10! kg/s and 1.3x10! kg/s for the untorrefied and torrefied cases, respectively.
These results demonstrate the link between the temperature distribution and the NO

formation, with higher NO levels being formed with larger, higher-temperature flames.

A distinct flame was not observed in the case of the coal (Figure 7-16 (b)). This is
reflected in the very low VMC of 7%. As expected from the kinetic parameters, the
coal is significantly less reactive than both untorrefied and torrefied Jatropha seed

cake.
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Figure 7-16: Temperature distributions for (a) inert particle, (b) coal, (c) untorrefied biomass, (d)
torrefied biomass.
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Figure 7-17: Devolatilisation rate for (a) untorrefied, (b) torrefied biomass.
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7.5.3 Coal co-firing
7.5.3.1 Reactivity
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Volatile conversion (%)
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0 25 50 75
co-firing ratio (% of biomass)

—e— Untorrefied ~—a— Torrefied
Figure 7-18: Effect of co-firing ratio on coal VMC

Coal co-firing cases were run with both untorrefied and torrefied seed cake. Two
DPM injections were defined, one with the properties of the biomass and the other
with those of the coal. The biomass % by mass was varied through 25%, 50% and 75%
by changing the flow rates of each injection, while keeping the overall flow rate
constant. Figure 7-18 shows the variation of the coal VMC with the co-firing ratio.
As the biomass % is increased, the VMC of the coal increases as well. Although the
increase is marginal in the case of the torrefied biomass, an increase by 51% is
observed when the coal is co-fired with untorrefied biomass. The more reactive
biomass undergoes combustion, and causes the temperature to rise (the flame region).
As the coal particles enter this flame region, their temperature increases and this results
in the coal undergoing faster devolatilisation. There was no regular trend in the change
in VMC of the biomass under co-firing conditions, and the magnitude of the change

was not significant.

This effect is graphically illustrated in Figure 7-19, which shows the temperature

distribution for the three co-firing ratios for the untorrefied case. As the biomass %
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increases, the flame region grows in size and intensity. Hence, the coal particles are
subjected to both increasingly higher temperatures and longer residence times within

the flame, thus experiencing significantly faster devolatilisation.
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Figure 7-19: Temperature distribution for co-firing with (a)25%, (b)50%, (c)75% untorrefied biomass .
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The temperature distributions for the torrefied biomass co-firing is shown in Figure
7-20. Here, it can be seen that due to the delayed devolatilisation of the torrefied
biomass (Section 7.5.2), the region of the flame is relatively small, even with the
highest biomass fraction. Hence, the boost given to the coal devolatilisation is much
less substantial than in the untorrefied co-firing case. This is reflected in the less

significant increase in the coal VMC seen in Figure 7-18.
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Figure 7-20: Temperature distribution for co-firing with (a)25%, (b)50%, (c)75% torrefied biomass
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7.5.3.2 NOx emissions

Since there was a significant difference in the volatile conversion between the
biomass and coal particles, a direct comparison in the NO emission is not meaningful.
Hence, the NO flow rate at the outlet was normalised by the total heat of reaction
summed over the entire volume. This gives an indication of the efficiency of the co-

firing in terms of NO reduction.

Figure 7-21 and Figure 7-22 show the normalised NO emissions when the coal is
co-fired with the untorrefied and torrefied biomass, respectively. Although the
uncertainties in the model do not justify detailed conclusions being drawn, the overall
trends indicate that co-firing reduces the NO emissions when compared to combusting
only coal. However, it should be noted that only a small fraction of the coal has reacted.
If the coal and biomass combustion continues to a greater extent (for instance with a

longer residence time), the results from the model are liable to change.
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Figure 7-21: Effect of co-firing ratio on normalised NO emissions (untorrefied biomass)
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Figure 7-22: Effect of co-firing ratio on normalised NO emissions (torrefied biomass)

7.6 Concluding remarks

A CFD model was developed to investigate the combustion behaviour of the
Jatropha curcas seed cake in a DTF, where conditions which are close to real-world
applications, i.e. high temperature (up to 1300°C) and heating rate (in the order of 10*
10° °C/min). However, a model’s accuracy is dependent on the accuracy of the inputs
given to the model. Several properties of the biomass had to be estimated in the light
of limited experimental resources and a dearth of detailed characterisation of Jatropha
curcas seed cake in the literature. The most significant uncertainties were the lack of
accurate particle size data, and the devolatilisation kinetics obtained from low-heating
rate TGA. An approach was adopted where the TGA kinetics were used but the particle
size used in the model was reduced until the volatile conversion predicted by the model
matched that measured by from the DTF runs. Sensitivity analyses were also carried

out to ascertain the potential inaccuracy introduced by other estimated inputs.
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Significant differences in the temperature distribution were observed between the
untorrefied and torrefied combustion. The untorrefied biomass resulted in a more
dispersed flame. This was reflected in the significant differences in NO emissions that
were observed, as NO production is heavily temperature-dependent at the high

temperatures present in the furnace.

The co-firing cases demonstrated an interaction between the coal and biomass in
terms of reactivity. The higher reactivity of the biomass has the effect of boosting the
reaction rate of the coal particles as well due to the extra heat generated by the biomass

combustion. This effect was most profoundly seen with the untorrefied biomass.

In the light of the model input uncertainties, detailed quantitative analysis of the
combustion modelling results cannot be justified. However, this study has highlighted
some important distinctions between coal and biomass combustion, untorrefied and
torrefied biomass combustion, and the interaction effects between the two fuels that
occur during co-firing. The importance of using CFD as a tool to investigate and

optimise the co-firing of torrefied Jatropha curcas seed cake was established.

From this baseline, the model can be further developed in the future to include
more accurate model inputs (for example, using Kinetic data obtained under high
heating rates, use of the Fuel NO and Prompt NO mechanisms as well) and longer

residence times so that the coal and biomass undergo a greater degree of conversion.
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8 CONCLUSIONS AND FUTURE WORK

The aim of this research work was to investigate the effective utilization of
Jatropha curcas seed cake as a solid fuel to be co-fired with coal. The study was
carried out in four phases — characterisation, torrefaction, leaching and combustion
modelling — with each phase aiming to achieve 1-2 of the objectives that were outlined
in Section 1.2. A chapter was allocated to each phase, to present its experimental
design, results and discussion. This chapter presents the key findings from the research

and also makes recommendations for future work.

8.1 Conclusions

The following list presents a response to each of the numbered objectives listed in
Section 1.2, demonstrating how they were achieved. The corresponding chapter is also

referenced.

1. The fundamental fuel properties of the untreated Jatropha curcas seed cake
were measured, establishing a baseline for subsequent work and a comparison
with literature. This included the proximate analysis, ultimate analysis, HHV
and inorganic content. HHV (20.76 MJ/kg and 24.06 MJ/kg for type A and
type B, respectively) and ash content (5.9% and 4.4% for type A and type B,
respectively, dry basis) compared favourably with other varieties of biomass.
K was the most abundant inorganic element, with type A having a higher
inorganic content than type B.

(Chapter 4)

2. Increasing torrefaction intensity, i.e. torrefaction temperature and holding time,

resulted in lower mass and energy yields, but an enhanced higher HHV. The

need to arrive at a compromise in terms of HHV and energy yield was
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recognised. The torrefaction temperature was observed to be the more
dominant of the two factors.

An envelope of torrefaction conditions was recommended for each type of seed
cake on the basis of a favourable balance between HHV and energy yield. For
the type A biomass, torrefaction at ~250°C for 45-60 min resulted in the HHV
being enhanced to more than 24.5 MJ/kg while maintaining an energy yield no
less than 85%. For the type B, a wider range of conditions — ranging from <5
min at >280°C to >45 min at 220°C-250°C — was identified where the HHV
was higher than 27 MJ/kg while the energy yield remained greater than 90%.
A typical coal used for power generation would have a HHV of 27-32 MJ/kg.
The type B is the better feedstock for torrefaction because of the wide envelope
of suitable torrefaction conditions which allow the enhancement of the HHV
to the range of that of coal.

(Chapter 5)

. The increasing HHV was linked to the rising FC content and decreasing O/C
content measured by proximate and ultimate analysis, respectively. Taking
advantage of the correlation, an expression was derived to estimate the HHV
using the DAF FC content. A van Krevelen diagram, i.e. a plot of H/C vs O/C
ratios, indicated that torrefaction caused a shifting of the thermochemical
properties of the Jatropha curcas seed cake towards those of coal.

DTG and *C NMR analysis provided insight into the changes occurring in
terms of the lignocellulosic make-up as the torrefaction intensity was
increased; hemicellulose decomposition occurred first followed by cellulose

decomposition, while lignin underwent a slow degradation over a wide range
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of temperatures. The results from the two analysis methods corroborated each
other and also agreed with existing literature.

(Chapter 5)

From the preliminary leaching study, it was determined that leaching
temperature and torrefaction state were the most dominant factors. A
significant interaction between the temperature and torrefaction state was also
suggested, i.e. the effect of the leaching temperature was different between
untorrefied and torrefied samples. For the type A biomass, the larger particle
size caused a drop in leaching efficacy as expected, although the magnitude of
the decrease in overall inorganic content was not substantial.

K and CI levels were considered crucial since they have been identified in
literature as being significant contributors to ash deposition and corrosion
issues in biomass combustion. Furthermore, K is the most abundant inorganic
element in the unleached Jatropha curcas seed cake. Leaching at 20°C was
sufficient for the K and CI content of the untorrefied type B biomass to decrease
by 85% and 97%, respectively. For the type B seed cake torrefied at the median
torrefaction intensity (hence falling within the recommended torrefaction
guidelines), leaching at 50°C was recommended from the point of view of the
leaching efficacy; 67% of K was leached out in this case.

The torrefaction intensity had a significant effect on the subsequent leaching
process. For the untorrefied type B seed cake and that torrefied at low intensity,
leaching at 20°C was adequate. At higher torrefaction intensities, it was evident
that higher leaching temperatures were required for effective leaching.

(Chapter 6)
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5. The combustion study demonstrated that the different devolatilisation

reactivity of untorrefied and torrefied biomass had an effect on the flame
properties and on NOx pollutant formation; the untorrefied biomass underwent
early devolatilisation and had a more dispersed flame, and subsequently
resulted in higher NO formation. Under co-firing conditions, the higher
reactivity of the biomass was also shown to have a positive effect on
devolatilisation rate of the coal; this showed the importance of considering the
interactions that can occur between coal and biomass during co-firing.

(Chapter 7)

8.2 Future work

This study fulfilled the objectives laid out at the outset and established a useful

foundation for the use of Jatropha curcas seed cake as a co-firing feedstock. However,

there were limitations that were recognised throughout the various phases of the study.

Following is a list of recommendations for potential future work that could build on

the present study to provide more breadth and depth to the subject:

The torrefaction guidelines specified here are applicable to the heating rate and
torrefaction apparatus used in this study. Future work could include
determining the sensitivity of the results to these additional variables and the
effects of scaling up the process to a larger scale. In scaling up, the cost
implications of the torrefaction procedure have to be investigated. Analysing
the cost of N2 supply and the energy requirements would enable further
optimisation of the process parameters and confirm feasibility from an

economic standpoint.
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Although higher leaching temperatures were recommended for the torrefied
biomass, the cost implications of using these elevated temperatures should be
studied in further detail. Alternative heating options such as solar heating can
be considered. Furthermore, using leaching temperatures higher than 50°C can
potentially have other issues such as evaporation. Further work is required to
investigate these practical issues of high-temperature leaching.

The combustion modelling can be strengthened by gathering further empirical
characterisation data for the Jatropha curcas seed cake to reduce the
uncertainties in the model inputs. These include data such as high-heating rate
devolatilisation kinetics, accurate particle size distributions, and nitrogen
partitioning between volatiles and char. Furthermore, longer residence times
can be modelled and validated using DTF to ensure more complete
devolatilisation as well as char oxidation occurring. A stronger, more complete
model would enable more meaningful quantitative data to be extracted and

provide a more complete understanding of the co-firing process.
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Appendices

Appendix 1 — Matlab script to calculate devolatilisation Kinetics

Matlab script to process TGA and apply the Coats-Redfern method to calculate

devolatilisation kinetics.

clear all

hold on
for k=1:n %Read n number of TGA files in succession, n has to be
set
%$-—--Read data from TGA file into array-------——-—-—----"""---—- %
filename = sprintf('at%d', k):;
fileID = fopen(filename);

C = textscan(fileID, '$f %$f %f %f', 'headerlines',60);
fclose (filelD) ;

time = [C{1}];
temp = [C{2}];
mass = [C{3}];
dmdt = [C{4}];
$---Filter devolatilisation segment of data--------------- %

indexesInRange = temp>150 & temp<400;

time = time (indexesInRange) ;

temp = temp (indexesInRange) ;

mass = mass (indexesInRange) ;
( )

’

dmdt = dmdt (indexesInRange
%$--Calculation of variables in Coats-Redfern equation----- g
X (mass-mass (1)) / (mass (end) -mass (1)) ;

T = temp+273;

Tsgq = power (T,2);

invT = power (T,-1);

y = log(-log(l-x)./Tsq);

invT = invT(2: (length (invT)-1));

y = y(2: (length(y)-1));

invTl = [ones(length(invT),1) invT];

%$---Linear regression and plotting regression line-------- s
rc = invT1\y;

rx = linspace (invT (1),invT (end)) ;

ry = rc(l)+(rc(2).*rx);

plot (invT,vy)

%$---Calculation of E and A from regression coefficients---%
E = -8.314*rc(2);

A = exp(rc(l))*20*E/8.314;
results (k,1)=E;
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end

results (k,2)=A;

S e S

hold off

Appendix 2 — Matlab script for DTG processing

Matlab script to generate DTG plots, pick out the peaks in the DTG plots and store the

peak height and temperature at which the peaks occur.

clear all
hold on

for

k=1:n %$Read n number of TGA files in succession, n has to be set

%$---Read data from TGA file into array-—-——————---------—-—- %

filename = sprintf('s$d', k);
fileID = fopen(filename);

sample name = textscan(filelID, '%*s %s',1, 'headerlines',11);
sample name{:}

C = textscan(fileID, '$f %$f %f %f', 'headerlines',b50);
fclose (fileID)

time [C{1}
temp = [C{2}
mass = [C{3}
[

C{4}

’

’

’

]
17
]
1:
$-—--Filter devolatilisation segment of data---—-——-——--—-——------ s
indexesInRange = dmdt>1 & time<60;

temp = temp (indexesInRange) ;

dmdt = dmdt (indexesInRange) ;

[}

$---Find peaks-—--------—--—--—-—-—-———————————— - ————— 5
[pks,locs] = findpeaks (dmdt, temp, 'minpeakprominence',0.1);

S e O

Q

%---Curve plotting-------———----—-------——————— 5
plot (temp,dmdt, 'linewidth', 2)

xaxislabel = sprintf ('Temperature (%cC)',

char (176)) ;xlabel (xaxislabel, 'FontSize',16);

end

ylabel ('dm/dt (%/min)', 'FontSize',16);

set (gca, 'FontSize',16)

$---Storing peak heights and corresponding temperatures---%
for kk=1l:length (pks)

results (k, (2*kk)-1)=pks (kk) ;

results (k, (2*kk))=1locs (kk) ;

end

hold off
legend (sprintf ('200%cC',char(176)),sprintf ('250%cC"',char(176)),sprin

tf (!’

300%cC',char(176)))
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Appendix 3 — Full data sets: Characterisation

Table A-1: Proximate analysis of untreated Jatropha curcas seed cake

Type A Type B
Moisture | 287 | 319 | 350 | 421 | 4.16 | 380 | 430 | 425 | 436 | 349 | 340 | 3.70
(% wt) 3.62 (mean) 3.92
vMm | 68.97 | 68.28 | 69.23 | 70.17 | 69.19 | 69.74 | 73.56 | 78.61 | 74.88 | 76.11 | 76.91 | 74.20
(Yowt) 69.26 75.71
FC | 2213 | 22.40 | 22.03 | 20.05 | 21.27 | 2046 | 17.82 | 13.39 | 16.43 [ 15.93 | 1550 | 17.73
(% wt) 21.39 16.15
Ash | 601 | 607 | 523 | 556 [ 534 | 598 | 431 | 375 | 431 [ 445 | 4.07 | 436
(% wt) 5.70 4.21
Dryash | 619 | 626 | 542 [ 580 | 557 | 622 | 451 [ 392 | 451 | 461 | 421 | 452
(% wt) 5.91 4.38
Dryvm | 71.01 | 7053 | 71.74 | 73.25 | 72.19 | 72.49 | 76.86 | 82.10 | 78.30 | 78.86 | 79.62 | 77.05
(% wt) 71.87 78.80
DryFC | 2278 | 2314 | 22.83 | 20.93 | 22.19 | 2127 | 1862 | 13.98 | 17.18 | 1651 | 16.14 | 1841
(% wt) 22.19 16.81
DAF VM | 75.69 | 75.24 | 7585 | 77.76 | 76.46 | 77.30 | 80.49 | 85.44 | 81.99 | 82.67 | 83.12 | 80.70
(% wt) 76.38 82.40
DAF FC | 24.29 | 2468 | 24.14 | 22.22 | 2350 | 22.68 | 1950 | 14.55 | 17.99 | 17.30 | 16.85 | 19.28
(% wt) 23.58 17.58
Table A-2: Ultimate analysis of untreated Jatropha curcas seed cake
Type A Type B
c 5381 | 54.33 | 5420 | 5351 | 5494 | 4765 | 4806 | 47.77 | 48.75 | 48.14
(% wt) 54.16 (mean) 48.08
DryC | 5600 | 5654 | 5641 | 5569 | 57.18 | 49.44 | 49.86 | 4957 | 5059 | 49.95
(Yo wt) 56.37 49.88
DAFC | 5857 | 50.13 | 59.00 | 5825 | 59.80 | 5255 | 5299 | 5268 | 5376 | 53.09
(Yo wt) 58.95 53.02
H 749 | 767 | 815 | 727 | 807 | 645 | 621 | 637 | 633 | 632
(Yo wt) 7.73 6.33
DryH | 780 | 798 | 848 | 757 [ 840 | 669 | 644 | 661 | 657 | 655
(Yo wt) 8.05 6.57
DAFH | 816 | 835 | 887 | 701 | 878 | 711 [ 685 | 703 | 698 | 697
(Yo wt) 8.42 6.99
N 374 | 387 | 599 | 341 | 340 | 532 | 457 | 484 | 377 | 4717
(% wt) 4.08 4.65
DryN | 389 | 403 | 623 | 355 | 354 | 552 | 474 [ 502 | 391 | 495
(Yo wt) 4.25 4.83
DAFN | 407 | 421 | 652 | 371 | 370 | 587 | 503 [ 534 | 415 | 526
(Yo wt) 4.44 5.13
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Dryo | 2793 | 2706 | 2449 | 2881 | 2649 | 3244 | 3305 | 3289 | 3303 | 3264
(%6 wt) 26.96 32.81
DAFO | 2921 | 2830 | 2561 | 3013 | 27.71 | 3447 | 3512 | 3495 | 3510 | 34.69
(%6 wt) 28.19 34.87
Table A-3: HHV of untreated Jatropha curcas seed cake
Type A Type B
20809 | 20.815 | 20.668 | 24.178 | 24.060 | 23.926
HHV (MJ/kg) 20.764 (mean) 24.055
21591 | 21597 | 21.444 | 25164 | 25.042 | 24.902
Dry HHV (MJkg) 21544 25.036

Table A-4: Inorganic content of untreated Jatropha curcas seed cake, measured by ICP-MS/IC

Type A Type B
K | 195 | 194 [ 198 | 211 | 215 | 160 | 165 | 173 | 217 | 158
(% wt) 2.03 (mean) 1.75
Mg | 044 | 044 | 045 | 048 [ 048 | 036 | 039 | 041 [ 049 | 037
(% wt) 0.46 0.40
ca | 022 | 021 | 022 | 024 | 024 | 017 | 018 | 019 | 024 | 017
(% wt) 0.23 0.19
s 026 | 026 | 027 | 030 | 031 | 023 [ 025 | 027 | 038 | 0.24
(% wt) 0.28 0.27
P 076 | 071 | 079 | 078 | 078 | 061 | 066 | 067 | 063 | 0.65
(% wt) 0.76 0.64
cl 033 | 033 | 034 | 033 | 034
(% wt) 0.33
Table A-5: Inorganic content of untreated Jatropha curcas seed cake, measured by XRF
Type A Type B
K 659 | 656 | 6.77 58 | 567 | 593
(% wt) 6.64 (mean) 5.82
Mg 03 | 038 | 043 034 | o030 | o027
(% wt) 0.39 0.30
Ca 001 | o091 | o097 08 | 08 | o087
(% wt) 0.93 0.86
s 058 | 058 | 055 055 | 055 | 048
(% wt) 0.57 0.53
p 138 | 132 | 137 138 | 148 | 148
(% wt) 1.36 1.45
cl 069 | 090 | o074 078 | 081 | 075
(% wt) 0.78 0.78
Table A-6: Devolatilisation kinetics of untreated Jatropha curcas seed cake
Type A Type B
63168 | 62879 | 63314 | 63037 | 61435 | 60214 | 59830 | 61258
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E

(3/mol) 63099 (mean) 60684
A 1255 1148 | 1224 | 1144 63 | 507 | 462 | 624
©) 1193 557
Table A-7: Characterisation data of torrefied (250°C/30 min) fine type A used for DTF/CFD
Moisture | 277 | 378 | 301 | 295 | 296 | 29
(% wt) 3.06 (mean)
VM 5879 | 6194 | 6149 | 6117 | 6230 | 6137
(% wt) 61.18
FC 3050 | 2679 | 2793 | 2878 | 2761 | 28.86
(%o wt) 28.41
Ash 791 | 745 | 755 | 710 | 712 | 685
(% wt) 7.33
56.33 | 57.23 | 56.22
C (% wt)
56.59
Dry C (% 58.36 | 59.29 | 58.24
wt) 58.63
DAFE C 61.49 | 57.23 | 56.22
(% wt) 58.31
5.73 | 5.79 | 5.84
H (% wt)
5.79
Dry H 5.53 | 5.60 | 5.65
(% wt) 5.59
DAE H 5.52 | 5.79 | 5.84
(% wt) 5.72
N 4.40 4.20 4.64
(% wt) 4.41
Dry N 456 | 435 | 481
(% wt) 457
DAF N 4.80 | 4.20 | 464
(% wt) 4.55
Dry O 2557 | 30.76 | 31.30
(% wt) 29.21
DAE O 28.18 | 32.78 | 33.30
(% wt) 31.42
78195 | 79841 | 78646 80311
E (J/mol)
79248
11848 | 14815 | 12401 16158
A (s
13805
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Appendix 4 — Full data sets: Torrefaction

Table A-8: Key properties for primary torrefaction study (type B)

Temp (°C) 200
Time (min) 0 15 30 45 60
'\g':f:polgzg‘)"’ 2511 | 2502 | 2509 | 2528 | 2521 | 2503 | 2526 | 2515 | 2543 | 251 | 2512 | 2522 | 2508 | 2529 | 2507
Maz;%fptfe’r(;e)f'ed 2447 | 2435 | 2403 | 2394 | 2389 | 2336 | 2349 | 2335 | 2302 | 2297 | 2326 | 2261 | 2296 | 2295 | 2256
Mass vield (04 9745 | 97.32 | 9578 | 9470 | 9476 | 9333 | 9299 | 9284 | 9052 | 9151 | 9260 | 89.65 | 9155 | 90.75 | 89.99
assyie
yield (%) 96.85 (mean) 94.26 92.12 9125 90.76
Moisture (%) 294 | 410 | 356 434 | 405 | 317 243 | 247 | 128 | 175 | 231 | 321 | 242 | 263 | 193
ISTUr
) 353 3.85 2.06 | 2.43 2.33
VM (%) 7429 | 7683 | 7565 | 7548 | 7382 | 7395 | 7236 | 7129 | 7478 | 6136 | 7404 | 7452 | 7402 | 7518 | 77.01
0
75.59 74.42 72.81 | 69.97 75.40
FC (%) 1689 | 1492 | 1485 | 1702 | 1751 | 1673 | 17.36 | 2090 | 1847 [ 1309 | 1883 | 1778 | 1711 | 1717 | 16.28
> 15.55 17.09 18.91 | 16.57 16.85
Ash (%) 585 | 421 | 50 315 | 462 | 615 784 | 534 | 545 | 2379 | 480 | 447 [ 644 | 500 | 476
° 5.33 4.64 6.21 | 11.02 5.40
Doy ash (0% 603 | 439 | 614 329 | 481 | 635 803 | 548 | 552 | 2421 | 492 | 461 | 660 | 513 | 485
ry as
Y ash (%) 5.52 4.82 6.34 | 11.25 5.53
8145 | 8379 | 8357 | 8159 | 8082 | 8155 | 8063 | 7733 | 8017 | 8241 | 7971 | 8071 | 8121 | 8139 | 8253
DAF VM (%)
82.94 81.32 79.38 | 80.95 8L71
1852 | 1627 | 1641 | 1840 | 1917 | 1845 | 1934 | 2267 | 1980 | 1758 | 2027 | 1926 | 1877 | 1859 | 1745
DAF FC (%)
17.07 18.67 20.61 | 19.04 18.27
HHY (MIkg 24468 | 24202 | 24624 | 24514 | 24.803 | 26.010 | 25149 | 25210 | 25.626 | 26382 | 25.728 | 25699 | 25571 | 25639 | 25.723
; 24431 25.109 25.328 | 25.936 25,644
, 9913 | 9792 | 9804 | 9651 | 9771 | 10091 | 97.22 [ 9730 | 9644 | 10037 | 99.04 | 9578 | 97.32 | 9672 | 96.23
Energy yield (%6) 98.36 98.38 96.99 | 98.39 96.76
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Table A-8 (contd.)

Temp (°C) 225
Time (min) 0 15 30 45 60
Mass of raw 25.06 25.27 25.11 25.02 25.17 25.13 25.13 25.32 25.08 25.12 2502 | 2508 | 25.04 2498 | 2523
sample (g)_
Mazzr?]fptlzr(;e)f'e‘j 24.16 24.38 24.01 23.07 23.04 222 2157 21.84 21.3 21.36 2128 | 2027 21.05 21 20.99
Mass yield (96 96.41 | 9648 | 9562 | 9221 | 9154 | 8834 | 8583 | 8626 | 8493 | 8503 | 8505 | 8082 | 8407 | 8407 | 83.19
ass vyile
y > 96.17 90.69 85.67 83.64 83.78
_ 397 | 307 | 370 305 | 250 | 332 264 | 345 | 303 | 328 | 225 | 283 191 | 225 | 287
Moisture (%)
3.58 2.96 3.04 | 2.79 234
™ % 7869 | 7464 | 7723 | 7507 | 7510 | 7314 | 7304 | 7151 | 7306 | 7464 | 7214 | 7306 | 7076 | 7310 | 7185
0
76.85 74.44 7254 | 73.28 71.90
cc 9 1469 | 17.28 | 1531 1738 | 1717 | 19.9 1949 | 2034 | 1988 | 1622 | 2035 | 1998 | 2195 | 1017 | 2001
> 15.76 17.91 19.90 | 18.85 2038
263 | 500 | 374 449 | 521 | 43 479 | 468 | 347 | 584 | 525 [ 408 537 | 5471 | 526
Ash (%)
3.79 468 431 | 5.06 537
274 | 515 | 388 463 | 535 | 448 492 | 484 | 358 | 603 | 537 | 420 547 | 560 | 541
Dry ash (%)
3.93 4.82 4.45 | 5.20 5.49
8425 | 8119 | 8344 8119 | 8137 | 7920 | 7890 | 7783 | 7814 | 8212 | 7800 | 7848 | 7631 | 7922 | 78.20
DAF VM (%)
82.96 80.59 78.29 | 7953 77.91
1573 | 1880 | 1654 | 1880 | 1860 | 2078 | 2105 | 2214 | 2126 | 1785 | 2200 | 2146 | 2367 | 2077 | 2178
DAF FC (%)
17.02 19.39 21.48 | 20.44 22.08
HHY (MIka) 25172 | 24959 | 24752 | 26136 | 26248 | 25484 | 26511 | 26263 | 26.638 | 27.375 | 27.069 | 27.249 | 27551 | 27.725 | 26.892
g 24.961 25.956 26.471 | 27.231 27.389
_ 10089 | 10011 | 9839 | 10018 | 99.88 | 9359 | 9460 | 9417 | 9405 | 9677 | 9571 | o155 | 9628 | 9689 | 9301
Energy yield (%) 99.79 97.89 94.27 | 94.68 95.40
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Table A-8 (contd.)

Temp (°C) 250
Time (min) 0 15 30 45 60
'\;':rffp‘?z Eg‘)"’ 25.12 252 25.14 25.24 25.14 25.15 24.9 25.03 25.16 25.08 25.13 2506 | 24.96 25.1 25.05
Mazzr%fptl‘;r(rge)f'ed 23.7 23.82 2353 | 21.05 | 2069 20.42 19.19 19.86 19.31 18.69 18.87 1837 | 1898 | 18.48 18.86
@06 9435 | 9452 | 9360 | 8340 | 8230 | 8119 | 7707 | 7934 | 7675 | 7452 | 7509 | 7330 | 76.04 | 7363 | 7529
Mass yield (%
94.16 82.30 77.72 7431 74.99
Moisture (%) 267 | 316 | 228 179 | 234 | 297 241 | 301 | 243 283 | 255 | 12 2.88 247 | 158
oisture (Y%
2.70 2.36 261 213 231
5% 74.98 | 77.12 | 7740 | 7211 \ 70.80 \ 7033 | 6573 \ 61.49 \ 7030 | 66.84 \ 68.13 \ 67.99 | 67.37 | 67.12 \ 73.25
0
76.50 71.08 65.84 67.65 69.25
e %) 15.55 | 14.60 | 1575 | 2051 \ 2157 \ 1970 | 2554 \ 27.92 \ 2161 | 2463 \ 2358 \ 2464 | 24.40 | 26.63 \ 2077
0
15.30 20.59 25.02 24.28 23.93
6.81 \ 5.10 \ 452 5.60 \ 5.27 \ 6.98 6.30 \ 7.56 \ 5.65 5.69 \ 5.73 \ 6.31 5.33 ] 3.78 \ 4.39
Ash (%)
5.48 5.95 6.51 5.91 4.50
ory ach 06 700 | 527 | 463 570 | 540 | 719 646 | 779 | 579 585 | 588 | 638 549 | 387 | 446
ry as (0]
y 5.63 6.10 6.68 6.04 4.61
82.84 \ 84.06 \ 8305 | 77.86 \ 76.63 \ 7800 | 72.00 \ 68.75 \ 76.48 | 73.06 \ 74.28 \ 7337 | 73.40 ] 71.59 \ 77.90
DAF VM (%)
83.32 7753 72.41 73.57 74.30
17.18 | 15.91 | 1690 | 22.15 \ 23.35 \ 2188 | 27.98 \ 31.22 \ 2351 | 26.92 \ 25.71 \ 2659 | 2658 | 28.40 \ 22.09
DAF FC (%)
16.66 22.46 2757 26.41 25.69
Y (M 24.847 ] 25.022 ] 25361 | 27.701 \ 28.291 \ 27.167 | 27533 \ 27.922 \ 28.188 | 29.384 \ 29.296 \ 28.740 | 28.210 \ 28.379 \ 28.365
(MJ/kg) 25.077 27.720 27.881 29.140 28.318
_ 9745 | 9832 | 9868 | 96.04 | 9679 | or70 | 8821 | 9210 | 89.94 | 9103 | 9145 | 8758 | 8918 | 8686 | 8878
Energy yield (%) 98.15 94.84 90.08 90.02 88.27
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Table A-8 (contd.)

Temp (°C) 275
Time (min) 0 15 30 45 60
'\g':f:polzzg‘)"’ 2512 | 2518 | 2525 | 2503 | 2513 | 2528 | 2524 | 2509 | 2533 | 2521 | 2517 | 2512 | 2523 | 2507 | 2504
Ma:;%fptl‘;r(;e)f'ed 2304 | 2308 | 229 | 1774 | 1734 | 1858 | 17.37 | 17.35 | 1714 | 168 | 1694 | 1639 | 1658 | 1625 | 15.74
Massyield 06) |72 | o168 | 069 | 707 | eo00 | 7350 | 6882 | 6915 | 6767 | eoe4 | 6790 | 655 | esi2 | e4s2 | e2ss
91.36 7112 68.55 66.40 64.46
Moisture (%) 252 | 273 | 293 223 | 271 | 280 2271 | 266 | 267 227 | 258 | 290 220 | 283 | 3.3
2.72 2.58 2.53 2.58 2.71
M (96) 7447 | 7633 | 7566 | 6471 | 6510 | 6952 | 6531 | 66.12 | 6820 | 6323 | 6430 | 6500 | 6418 | 6336 | 64.38
75.49 66.44 66.57 64.18 63.97
FC o6) 1811 | 1572 | 1654 | 2675 | 2633 | 2244 | 2631 | 2504 | 2277 | 2817 | 2677 | 2626 | 2670 | 2635 | 27.16
16.79 25.17 24.71 27.07 26.74
psh 96) 489 | 516 | 485 631 | 585 | 522 607 | 615 | 6.6 630 | 634 | 581 691 | 745 | 540
4.97 5.79 6.16 6.15 6.59
Dry ash (%) 502 | 530 | 500 | 645 | 601 | 537 622 | 632 | 643 645 | 651 | 598 707 | 766 | 557
5.11 5.94 6.32 6.31 6.7
oaF VM (2 0% | 828 | 8204 | 7075 | 7120 | 7558 | 7126 | 7251 | 7499 | 69.16 | 7060 | 7120 | 7068 | 7061 | 7031
8L.78 7251 72.92 70.32 70.53
DAFFC (o6 |25 | 1707 | 1794 | 2024 | 2880 | 2440 | 2871 | 2746 | 2500 | 3081 | 2930 | 2876 | 2040 | 20.37 | 2966
18.19 27.48 27.06 29.66 29.48
HHV (Mg |24 | 26018 | 26213 | 30.055 | 20.648 | 28.624 | 30.165 | 29793 | 29.723 | 30.619 | 30.109 | 29.811 | 30574 | 30119 | 29.951
26.228 29.442 29.894 30.180 30.215
Eneray yield (o) %% | 9914 | 9883 | 8855 | 8505 | 8746 | 8630 | 8565 | 8361 | 8483 | 8424 | 8086 | 8353 | 8L16 | 7827
99.61 87.02 85.19 83.31 80.98
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Table A-8 (contd.)

Temp (°C) 300
Time (min) 0 15 30 45 60
'\g;rffpﬁz Eg;"’ 25.38 25 25.03 25.12 25.12 25.01 25.22 25.16 25.06 25.03 25.08 25.21 24.98 252 25.13
Ma:;?]fptl‘;r(;e)f'e‘j 2024 | 1838 | 2091 1617 | 1595 1575 | 15.36 15.08 1488 | 1467 | 1495 1383 | 1441 1435 | 1376
_ 7975 | 7352 | 8354 | 6437 | 6350 | 6297 | 6090 | 5994 | 5938 | 5861 | 5961 | 5486 | 57.69 | 5694 | 5476
Mass yield (%0)
78.94 63.61 60.07 57.69 56.46
, 234 | 222 | 165 265 | 252 | 284 247 | 240 | 263 343 | 258 | 305 247 | 248 | 185
Moisture (%)
2.07 2.67 250 3.02 2.27
M %) 7018 | 7079 | 7591 | 6304 | 6161 | 6166 | 6010 | 5687 | 6120 | 5606 | 6083 | 5899 | 57.56 | 5279 | 60.87
> 72.29 62.10 59.39 58.63 57.07
ce o 2038 | 1098 | 1851 | 2763 | 2036 | 2881 | 2093 | 3279 | 2031 | 3404 | 2882 | 3088 | 3083 | 3142 | 3089
> 19.62 28.60 30.68 31.25 31.05
700 | 700 | 301 667 | 648 | 6.69 748 | 793 | 685 646 | 775 | 707 013 | 883 | 638
Ash (%)
6.01 6.61 7.42 7.09 8.11
727 | 716 | 398 | 68 | 665 | 68 | 767 | 813 | 704 | 669 | 79 | 729 | 936 | 905 | 650
Dry ash (%)
6.14 6.79 7.61 7.31 8.30
7750 | 7798 | 80.38 6952 | 6770 | 6815 | 6674 | 6342 | 67.61 6221 | 67.84 | 65.63 6511 | 5952 | 66.33
DAF VM (%)
78.62 68.46 65.93 65.23 63.65
2251 | 2201 | 19.60 3047 | 3226 | 3184 | 3324 | 3657 | 3238 | 3777 | 3214 | 3436 | 3487 | 3543 | 3366
DAF FC (%)
2137 3152 34.06 34.76 34.65
HHY (MUK) 27615 | 27.806 | 27.161 | 20688 | 30625 | 30.268 | 29.990 | 20.880 | 30430 | 30.720 | 30.073 | 30330 | 29.765 | 29.700 | 30.048
g 27.527 30.194 30.100 30.371 29.838
_ 90155 | 8499 | 9433 | 7945 | 8084 | 7924 | 7593 | 7445 | 7511 | 7483 | 7452 | 69.47 | 7138 | 7031 | 68.40
Energy yield (%0)
90.29 79.84 75.17 72.84 70.03
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Table A-9: Ultimate analysis for primary torrefaction study (type B)

Temp (°C) 200
Time (min) 0 30 60
v (0n) 404 | 5523 | 5448 | 5791 | 6272 | 5661 | 5828 | 57.67 | 58.80
ry € (%) 54.59 (mean) 59.08 58.25
745 | 715 | 704 | 820 | 730 | 795 | 791 | 750 | 827
Pry R (%) 7.21 7.82 7.89
340 | 354 | 329 | 512 | 361 | 476 | 477 | 410 | 526
Dry N (%) 341 4.49 4.71
oryo @) |20 | 2069 | 2005 | 2074 | 2090 | 2516 | 2245 | 2559 | 2282
29.27 22.27 23.62
aryhc o | 013 [ 013 | 014 | 012 | 014 | 014 | 013 | 0.4
0.13 0.13 0.14
P | 054 | 053 | 036 | 033 | 044 | 039 | 044 | 039
0.54 0.38 0.41
Temp (°C) 250
Time (min) 0 30 60
bryC o) |07 | 56.93 | 56.86 | 61.80 | 64.84 | 6205 | 6269 | 6326 | 6230
57.99 62.90 62.75
884 | 779 | 798 | 663 [ 822 | 749 | 765 | 716 | 7.75
PryH (0) 8.20 7.45 752
571 | 455 | 481 | 316 | 457 | 397 | 418 | 333 | 385
PryN (%) 5.02 3.90 3.79
bry o (%) 132 | 2546 | 2572 | 2194 | 1458 | 2070 | 19.99 | 2237 | 21.65
23.15 19.07 21.34
aryric |22 | 014 [ 014 | 011 | 013 | o012 | o012 | 011 | 012
0.14 0.12 0.12
aryorc | 0% | 045 | 045 | 036 | 022 | 033 | 032 | 035 | 035
0.40 0.30 0.34
Temp (°C) 300
Time (min) 0 30 60
bryc (o6 222 | 6222 | 5923 | 66.67 | 66.68 | 6841 | 67.40 | 67.91 | 66.37
61.24 67.25 67.23
797 | 796 | 730 | 673 | 709 | 754 | 651 | 639 | 6.07
DryH (%) 774 712 6.32
494 | 458 | 352 | 323 | 359 | 316 | 327 | 320 | 3.23
DryN (%) 435 3.33 3.23
Orv O (%) 1754 | 1808 | 2598 | 1570 | 1452 | 1385 | 1347 | 1345 | 17.83
v O (%) 20.54 14.69 14.91
N CEE | 013 [ 012 | o010 [ 011 | o011 | 010 | 009 | 0.09
0.13 0.11 0.09
ayoc |02 | 029 [ 044 | 024 [ 022 | 020 | 020 | 020 | o0.27
0.34 0.22 0.22
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Table A- 10: Key properties for secondary torrefaction study (type A)

Temp (°C) 200 250 300
Time (min) 0 30 60 0 30 60 0 30 60
'\;':rffp‘?zzg‘)"’ 2506 | 2501 | 2546 | 2539 | 2499 | 2541 | 2518 | 249 | 2564 | 2541 | 2542 | 2539 | 2508 | 24.99 | 2508 | 2524 | 25.15 | 2545
Mass of
torrefied sample | 245 | 246 | 2363 | 2376 | 2250 | 2323 | 24.08 | 2369 | 1886 | 190.67 | 17.72 | 1825 | 20.37 | 1995 | 13.77 | 1352 | 13.08 | 14.06
(@)
Mass yield (96 |57/ | 9836 | 928L | 9358 | 9040 | 9142 | 0563 | 9514 | 7356 | 7741 | 6971 | 7188 | 8122 | 70.83 | 5490 | 5357 | 5201 | 5525
assyie
e 98.06 (mean) 93.20 90.91 95.39 75.48 70.79 80.53 54.24 53.63
, 440 | 378 | 344 | 312 | 314 | 412 | 367 | 293 | 277 | 378 | 355 | 2901 | 361 | 293 | 328 | 274 | 399 | 389
Moisture (%)
4.09 3.28 3.63 3.30 3.27 3.23 3.27 3.01 3.94
VM (96) 69.02 | 69.55 | 68.35 | 68.29 | 67.16 | 66.57 | 69.13 | 68.93 | 58.79 | 6194 | 56.17 | 58.71 | 6389 | 64.65 | 4573 | 4459 | 4218 | 43.89
° 69.29 68.32 66.87 69.03 60.37 57.44 64.27 45.16 43.04
FC (%) 2088 | 21.06 | 2221 | 22.93 | 2376 | 23.07 | 21.66 | 2262 | 3050 | 26.79 | 30.76 | 30.44 | 2565 | 2541 | 4101 | 4156 | 4149 | 42.28
) 2097 22,57 2342 22.14 28.65 30.60 25.53 41.29 41.89
psh 96) 566 | 560 | 599 | 563 | 593 | 621 | 552 | 550 | 791 | 745 | 947 | 78 | 684 | 701 | 999 | 1112 | 1232 | 9.9
S
° 5.63 5.81 6.07 5.51 7.68 8.66 6.92 10,55 11.12
Ory ash (0 592 | 58L | 620 | 581 | 612 | 648 | 573 | 566 | 814 | 774 | 982 | 809 | 7.10 | 722 | 1032 | 1143 | 1283 | 10.32
ry as
Y ash (%6) 5.87 6.01 6.30 5.70 7.94 8.96 7.16 10.88 11.58
pAEvM o6 |22 | 2324 | 2452 | 2513 | 2613 | 2573 | 23.85 | 24.70 | 3415 | 30.18 | 3537 | 3411 | 2864 | 2821 | 47.28 | 4824 | 4957 [ 49.05
° 23.23 24.83 25.93 24.28 32.16 34.74 28.43 47.76 4931
DA FC (04 7674 | 7675 | 7547 | 7484 | 7385 | 7424 | 7613 | 7528 | 65.82 | 69.77 | 6458 | 6579 | 71.34 | 71.78 | 5272 | 5176 | 50.40 | 50.92
0) 76.74 75.15 74.05 75.70 67.80 65.19 71.56 52.24 50.66
Y (kg 20660 | 20742 | 21.507 | 21550 | 22.078 | 21.899 | 21.185 | 21.119 | 24.456 | 23.974 | 24.990 | 24.958 | 23.453 | 23.762 | 26.291 | 26.353 | 25.930 | 25.983
(MI/kg) 20.704 21574 21.989 21152 24215 24974 23.608 26322 25.957
Energyyield | 97.30 | 9826 | 96.54 | 07.12 | 96.12 | 96.42 | 97.57 | 96.77 | 86.64 | 89.38 | 83.90 | 86.40 | 91.74 | 91.36 | 6952 | 67.98 | 6495 | 60.13
(%) 97.78 96.83 96.27 97.17 88.01 85.15 91.55 68.75 67.04
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Appendix 5 — Full data sets: Leaching

Table A-11: Inorganic content (XRF) from primary leaching study (type B)

Leaching 20
temp (°C)
Torr. state uT LT MT HT
Koo |0% | 088 | 088 | 132 | 1.54 | 1.38 | 475 | 539 | 503 | 809 | 7.78 | 8.46
0.90 (mean) 1.41 5.06 8.11
cae) |2 | 105 | 12 | 12 | 137 | 126 | 139 | 1.25 | 139 | 1.35 | 129 | 141
1.21 1.28 1.34 1.35
Ma (05 016 | 015 | 016 | 024 | 025 | 024 | 047 | 048 | 047 | 051 | 049 | 056
9 (%) 0.16 0.24 0.47 052
N IS | 009 | 017 | 083 | 099 [ 092 | 1.8 | 194 | 188 | 189 | 1.88 | 2.03
0.19 0.91 1.87 1.93
o |0% | 003 | © 0 [o005] 004 | 035 [ 045 | 036 | 076 | 0.85 | 0.78
0.02 0.03 0.39 0.80
s |08 | 056 | 0.61 | 051 [ 051 | 057 | 029 | 025 | 0.27 | 014 | 013 | 0.14
0.60 0.53 0.27 0.14
Leachin
temp (°Cg) 3
Torr. state uT LT MT HT
K (o) | 068 | 0.64 | 075 | 09 [ 099 | 079 | 348 | 398 | 357 | 749 | 859 | 7.97
0.69 0.89 3.68 8.02
123 [ 115 [ 132 | 121 | 135 | 139 | 155 | 137 | 14 | 1.32 | 146 | 146
Ca (%) 123 | | 132 | | 144 | | 141 |
013 [ 012 [ 016 | 018 [ 021 | 02 | 049 [ 048 [ 047 | 052 [ 0.64 | 0.62
Mg (%) 0.14 | | 0.20 | | 0.48 | | 0.59 |
P (%) 017 | 017 [ 016 [ 071 | 088 [ 079 | 1.92 | 177 | 176 | 1.9 | 226 | 2.22
0.17 0.79 1.82 213
0 0 [o007 ] o [o005]o005] 021 ]o027 02 [077]083]083
cl %) 0.02 | | 0.03 | | 0.23 | | 0.81 |
s (%) 057 | 059 | 0.63 | 049 | 049 [ 043 | 029 | 023 | 025 | 014 | 017 | 0.14
0.60 0.47 0.26 0.15
Leachin
temp (°Cg) 50
Torr. state uT LT MT HT
K (%) 037 | 043 | 051 | 046 | 047 | 05 | 21 | 309 | 213 | 7.22 | 7.69 | 6.84
0.44 0.48 2.44 7.25
ca@) |22 | 12 | 129 | 129 | 145 | 143 | 148 | 1.63 | 1.57 | 151 | 1.69 | 153
1.24 1.39 1.56 1.58
014 [ 015 [ 015 [ 02 [ 022 [ 021 [ 044 | 047 | 048 | 0.62 | 064 | 0.56
Mg (%) | 0.15 | | 0.21 | | 0.46 | | 0.61 |
sy 0L | 017 | 02 | 063 | 076 | 071 | 166 | 1.7 | 165 | 221 | 23 | 21
0.17 0.70 1.67 2.20
0 0 [003 [ o [o004]004]012] 02 [009] 08 [ o078] 0.68
cl%) | 0.01 | | 0.03 | | 0.14 | | 0.75 |
s (%) 058 | 06 | 064 | 05 | 047 | 055 | 028 | 0.23 | 0.24 | 017 | 0.18 | 0.15
0.61 0.51 0.25 0.17
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Table A-12: Leachate properties (net, after 24 h) from primary torrefaction study

Leaching 20
temp (°C)
Torr. state uT LT MT HT
K 2224 | 2221 | 2234 | 225.1 | 216.5 | 220.4 | 153.0 | 130.8 | 214.8 | 41.1 | 40.8 | 48.1
(mg/L) 222.6 (mean) 220.7 166.2 43.3
233 [ 228 | 240 | 169 [ 158 | 169 | 27 [ 19 | 165 | 05 | 05 | 06
Mg (mo/L) 234 16.6 7.0 05
P 711 [ 675 | 689 | 443 [ 401 | 453 | 111 | 85 [ 436 | 14 | 13 [ 21
(mg/L) 69.2 43.2 211 16
cl 131 | 127 | 134 [ 140 [ 140 | 141 | 108 [ 92 | 141 | 40 [ 44 [ 53
(mg/L) 13.0 14.0 11.4 4.6
PO4 157 | 164 | 178 [ 98 | 88 | 103 | 21 [ 16 | 100 | 00 [ 00 [ 00
(mg/L) 16.6 9.6 45 0.0
444 | 436 | 467 | 454 | 440 | 458 | 309 | 248 | 288 | 92 | 91 [ 107
EC (uSfem) 449 451 282 97
Leaching
temp (°C) 35
Torr. state uT LT MT HT
KoL) 229 | 2295 | 226.9 | 235.3 | 230.7 | 2206 | 179.1 | 1636 | 1759 | 750 | 69.3 | 67.6
(/L) 228.7 228.9 172.9 70.6
256 [ 251 | 260 | 205 | 171 | 177 [ 31 [ 24 | 27 | 10 | 09 [ 09
Mg (mo/L) 25.6 18.4 27 10
b (maL) |25 | 732 | 727 [ 526 | 429 | 460 | 158 | 126 [ 141 | 36 | 31 | 29
(mg/L) 722 472 142 3.2
127 [ 127 | 125 | 138 | 138 [ 135 | 136 | 120 | 128 | 61 [ 61 | 63
cl (mg/L) 12.6 13.7 12.8 6.2
PO4 42 | 41 | 46 [ 49 | 44 | 45 | 22 | 18 [ 21 | 07 | 00 | 00
(mg/L) 4.3 4.6 2.0 0.2
EC 530 | 515 | 517 | 481 | 458 | 449 | 368 | 334 | 359 | 153 | 143 | 142
(uS/cm) 521 463 354 146
Leaching
temp (°C) 50
Torr. state uT LT MT HT
N EE | 242.8 | 2389 | 248.1 | 252.2 | 261.4 | 230.2 | 202.1 | 233.8 | 11255 | 119.0 | 112.0
(/L) 245.3 253.9 222.0 1145
270 | 271 | 256 | 216 | 212 [ 230 | 46 | 29 | 42 | 12 | 15 | 13
Mg (mg/L)
26.6 21.9 3.9 13
731 | 763 | 722 | 565 | 564 | 589 | 258 | 174 | 246 | 60 | 66 | 56
P (mg/L)
73.8 57.3 22.6 6.1
131 | 132 | 131 | 142 | 143 | 142 | 175 | 148 | 180 | 86 | 95 | 84
Cl (mg/L)
13.1 14.3 16.8 8.8
142 | 154 | 51 | 51 | 52 | 79 | 33 | 20 | 31 | 07 | 09 | 07
PO4 (mg/L)
11.6 6.1 2.8 0.8
532 | 514 | 496 | 481 | 493 | 492 | 445 | 388 | 441 | 221 | 239 | 225
EC (uS/cm)
514 489 425 228
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Table A-13: Inorganic content (XRF) from secondary leaching study (type A)

Torr. state uT
Piri;i:'e <1 mm (fine) 1-2.36 mm (medium)
t';ﬁ?g?i,’g% Unleached 35 Unleached 35
< %) 659 | 656 | 6.77 | 054 | 0.42 | 049 | 566 | 536 | 567 | 048 | 053 | 0.51
6.64 (mean) 0.48 5.56 0.51
Ca %) 091 [ 091 [ 097 | 1 | o085 ] 096 | 083|078 | 093] 085 | 08 | 107
0.93 0.94 0.85 0.91
Mg 96) 036 | 038 | 043 | 013 | 012 [ 013 | 032 | 0.33 | 0.33 | 016 | 015 | 0.16
0.39 0.13 0.33 0.16
o 06) 138 | 132 | 1.37 [ 018 [ 015 | 014 | 12 | 114 | 121 | 0.24 | 0.15 | 0.19
1.36 0.16 1.18 0.19
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Appendix 6 — Regression plots for HHV vs DAF FC content
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Figure A6-1: Regression plots for torrefied type B seed cake: (a) linear, (b) linear logarithmic, (c) quadratic, (d) cubic models.
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Figure A6-2: Regression plots for torrefied type A seed cake: (a) linear, (b) linear logarithmic, (c) quadratic, (d) cubic models.
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Appendix 7 — Lenth’s pseudo-standard-error

Lenth’s pseudo-standard error (PSE) is based on the assumption that the variation

in the smallest effects is caused by random error, i.e. the concept of “sparse effects”.

The standard deviation, S, of a sample with a normal distribution can be calculated

by:
S=15xM, Eqn A7-1
where M is the median of the effects.
The PSE is taken to be:
PSE =1.5x M2
PSE = 15X M, Eqn A7-2

where M is the median of the effects, but those effects higher than 2.5xS are

excluded.
The margin of error (ME) with 95% confidence is calculated by:
ME = PSE Xt Egn A7-3
where t is the 0.975" quartile of the t-distribution.

The margin of error is illustrated as the “reference line” in the Pareto charts of
effects (see Figure 6-7), with effects higher than this reference line deemed to be

significant.

(Lenth, 1989; Minitab, 2016)
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