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Abstract

Fluidized bed combustion technology is increasingly used for biomass fuels, due to the
high variability of their energy density and composition. However, this technology is
still susceptible to ash-related issues. Agglomeration is caused by ash melting onto or
reacting with bed material to form alkali silicate melts, allowing bed particles to adhere
together. Accumulation of agglomerates causes bed defluidization, and consequently
unscheduled downtime. This thesis investigates agglomeration mechanisms and
mitigation measures at the pilot-scale, focusing on agricultural fuels that have received

less attention in literature and may be of interest for boiler operators.

When burning wheat straw, the magnesium-iron silicate bed material olivine lengthened
defluidization times versus silica sand, though this was not sufficient to make the fuel
viable. The additives kaolin and dolomite prevented bed defluidization entirely when
burning miscanthus, but had no effect with wheat straw, despite chemically reacting
with both fuel ashes. In combination with thermochemical modelling, it was proposed
that the poor breakdown of wheat straw pellet sand release of ash to their surface allows
the pellet to act as a seed for agglomerate formation, hence additives proving

ineffective.

Agglomeration mechanisms were studied with different fuels, bed materials and
additives. This included a novel analysis of agglomerates from different bed locations,
and a spatially defined study of agglomerates from tests with additives, both of which
revealed mechanisms in greater detail than previously reported. A novel
thermochemical modelling approach using FactSage was applied to agglomerate

compositional data, together with an appraisal of the software for agglomeration studies.

Through collaboration with project sponsor Sembcorp Energy UK on their “Wilton 10”
bubbling fluidized bed boiler, a 5-year fuel data set was studied to determine fuel
quality improvement potential. Several analytical methods were applied, including a
machine learning algorithm. Recommendations were made regarding fuel quality and

sampling.
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Percentage recycled wood. Feed fraction of recycled wood into the Wilton
10 boiler (energy basis).

Atmospheric fluidized bed combustion
Atrtificial neural networks

The ducting following the exit of flue gas from a BFB boiler. Contains heat
exchange equipment (e.g. economizers and air pre-heaters for heat recovery
from the flue gas).

Best available technique

Bubbling fluidized bed

Boiler feed water

A measure of energy input to a boiler versus energy output.
BAT reference documents

Blend to boiler

CALculation of PHAse Diagrams

Continuous emissions monitoring system
Circulating fluidized bed

Combined heat & power

CHP Quality Assurance

21%t United Nations Climate Change Conference
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Distillers dried grain using wheat and solubles
Differential pressure

Energy Dispersive X-ray Spectroscopy
Energy from waste

Emission limit values

Fluidized bed combustion

Gas turbine 2

Heat recovery steam generator

in-situ alkali chloride monitor

International Centre for Diffraction Data
Inductively coupled plasma mass spectrometry
Initial deformation temperature

International Energy Agency

Industrial emissions directive

Low Carbon Combustion Centre

Levelized cost of electricity

Large combustion plant

Mean absolute error

Mean absolute percentage error

Mean square error
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Non-dispersive infrared
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PF Pulverized fuel
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PFBC Pressurized fluidized bed combustion

Phyllis2 Biomass composition database maintained by Energy Research Centre of the

Netherlands (ECN).

RDF Refuse derived fuels

RHI Renewable Heat Incentive

RMSE Root mean squared error

RO Renewable Obligation

ROC Renewable Obligation certificate

SCE Sembcorp Energy UK

SEM/EDX Scanning electron microscopy with energy dispersive X-ray spectroscopy

SNCR Selective non-catalytic reduction

SS 304 Stainless steel 304

UKAS United Kingdom Accreditation Service

w10 Wilton 10

Wi Waste incineration

XRD X-ray diffraction

Roman Alphabet

Symbol Units Description

A % Agglomeration ratio

CHPqHo MWhp Total use heat output per year from CHP plant (i.e. that which would
have displaced heat generation from other sources).

CHP+g MWh Gross calorific value of total fuel input per year to CHP plant.

CHPrpo MWh, Total power output per year from CHP plant.

cps Counts per second. Unit for X-ray count rate during EDX analysis.

Da % Additive dosage

Ubed m Bed diameter

dp m Bed particle diameter. Typically quoted as either an average value or
range.

g m/s? Gravitational constant

GCV MJ/kg Gross calorific value

Nped m Static bed height

i Data feature under evaluation when calculating permutation importance

k Number of times to random shuffle data when calculating permutation
importance.

Ma kg Mass of additive

Ma kg Mass of agglomerated bed material

Mea kg Calculated mass of fuel ash

m; kg Mass of initial/fresh bed material

n Number of data points predicted by random forest model.

Ql Quality Index. Used to determine the energy efficiency and

environmental performance of a CHP scheme.
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Coefficient of determination

Rep None Reynolds number

S Value of the score criteria when calculating permutation importance.

T Temperature

Taggl °C Agglomerating temperature. During combustion, the fluidized bed
undergoes controlled, progressive, heating until agglomeration and
defluidization occurs. This temperature is thus Tagg.

taer Minutes Defluidization time. Recorded from first addition of biomass fuel until
bed defluidizes, unless otherwise noted.

U m/s Superficial gas velocity (fluidizing gas velocity)

U/Un¢ None Fluidization number

Umf m/s Minimum fluidization velocity

Xa Coefficient specific to different fuel and electricity supply options for
QI calculation.

y “Real” data value when evaluating prediction error for random forest
model.

N4 “Predicted” data value when evaluating prediction error for random
forest model.

Yai Coefficient specific to different fuel and electricity supply options for
QI calculation.

Greek Alphabet

Symbol Units Description

V] kg/m.s Dynamic viscosity of the fluidizing gas

Emf None Void fraction of bulk particles

THeat % Heat output efficiency

TNPower % Power output efficiency

Py kg/m?3 Density of the fluidizing gas

Ps kg/m?® Density of the solid

0s None Particle sphericity

AG Change in Gibbs free energy

AH Change in enthalpy

AS Change in entropy
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Introduction

In recent decades, an increased importance has been placed on fuel sources and power
generation technologies that emit reduced amounts of carbon dioxide, a key contributor
to anthropogenic climate change [1, pp. 12-19, 2]. With the “Paris Agreement” [3],
approved at the 21% United Nations Climate Change Conference (COP21) in 2015,
many countries have since signed into law a commitment to keep the increase in global
average temperature to “well-below” 2°C, with an aim to limit this to 1.5°C, versus pre-
industrial levels. Achieving this aim will necessitate large scale decarbonisation. One
fuel type that has captured the interest of researchers, policymakers, and industry in

pursuit of these targets is biomass.

Biomass is a broad classification for organic materials that can be used as a fuel source,
such as wood or straws [4, pp. 7-9]. Biomass has been termed a “carbon neutral” fuel
source, as the CO emitted during the combustion of biomass is equal to that absorbed
by the material during its growth cycle, albeit with a small net emission of CO due to
processing and transport [5] which may not themselves be CO. neutral. The combustion
of biomass comes with several technological challenges for traditional pulverized fuel
(PF) burners [6]. For example, fuels may not be particularly dense, contain non-
combustible contaminants, or may otherwise need large amounts of pre-processing or
pre-treatment to be a viable fuel stock for a PF burner. Furthermore, there may be a
desire to co-fire biomass with coal, or to use several types of biomass dependent on
seasonal availability or cost, all of which would add significant complexity if used with

a PF burner.

These challenges have encouraged the use of fluidized bed combustion (FBC) boilers
when using biomass fuels. These have the advantage of being able to handle a variety of
fuel types, blends, and qualities; a concept termed “fuel flexibility”. However, FBC of
biomass is not without its own challenges [7]. The primary ash-related issues are
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fouling and slagging, corrosion, and bed agglomeration. The latter of these, bed
agglomeration, is the focus of this thesis. This chapter introduces fluidized bed
combustion technology, its use with biomass fuels, and the commercial context
surrounding the use of FBC technology with biomass fuels. The chapter ends by stating

the aims, objectives, and structure of this thesis.

1.2 Fluidization Theory

Fluidized bed combustion is the application of particle fluidization to the combustion of
solid fuels. When a sufficient upwards flow of gas is applied to a bed of particles, the
bed will first expand and then become suspended by the gas. In doing so, a fluidized
bed is created, as the suspended bed of particles will behave as if it were a fluid [8]. By
heating the fluidized bed, it can be used for combustion of solid fuels. The exothermic
release of heat during combustion will maintain a bed temperature sufficient for further

combustion, thus negating the need for continued heating of the bed by other means.

To fluidize a bed of particles, the ‘minimum fluidization velocity’, Ums, of the fluidizing
gas must be achieved. As Kunii & Levenspiel [8, p. 72] describe, this point of incipient

fluidization occurs when:
Drag force by upward moving gas = Weight of particles

The specific equation for Ums differs for different Reynolds numbers (Rep), though
Kunii & Levenspiel [8, p. 73] present two common derivations, with numerous others

existing in the literature:

2
d — g3
_ (¢s p) .ps Pg < mf > Rep<20

U
mf 150 1 1— s
Equation 1.1
¢s dp Ps — Pg 3
Umf = 175 oy 9Ems Rep > 1000
Equation 1.2

Where:
s is particle sphericity, empirically determined

dp is particle diameter
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ps is particle density of the solid
pg is density of the fluidizing gas
W is dynamic viscosity of the fluidizing gas
g is gravitational constant
emt IS the void fraction of the solid

The minimum fluidization velocity is the minimum superficial velocity required to
achieve fluidization. The interstitial velocity is that of the gas flowing between the
particles in the bed and is higher than Ums [9, pp. 68-71]. Once a bed of particles has
been fluidized, gas flow rates are adjusted to achieve the desired ‘fluidization regime’.
In order of increasing gas velocity, fluidization regimes include: fixed bed (not
fluidized), bubbling regime, slug flow, turbulent regime, fast fluidization, and
pneumatic conveying (Figure 1.1). As can be deduced from both Equation 1.1 and
Equation 1.2, density of the fluidizing gas has an impact on the value of Uns, therefore
in the context of FBC, pre-heating of the fluidizing air can impact the value of Unt.
Moreover, as the fluidizing air flow enters the hot bed it will further heat up, again
changing its density and the relative ratio of the superficial gas velocity to Ums. A
fluidized bed undergoes bed defluidization if changes to the gas or particle parameters
in Equation 1.1 or Equation 1.2, such as particle diameter or gas density, mean that the
minimum fluidization velocity is no longer achieved. Defluidization is characterised by
a rapid decrease in the pressure drop across the bed, as gas begins to channel through

the bed instead of suspending it.

For FBC, operational gas flow rates are not defined solely based upon those needed to
achieve a specific fluidization regime. The amount of air required for combustion also
needs to be considered [10]. In commercial FBC boilers, air is typically staged to
control combustion and emissions (e.g. NOx). A fraction of the air required for
combustion is delivered into the bed as the primary (fluidizing) air, whilst the remaining
air is delivered above the bed in several secondary and tertiary air input stages [11]. The
total amount of air delivered to the boiler typically exceeds what is needed on a
stoichiometric basis to allow for complete combustion of the fuel. Therefore, the
resultant bed fluidization regime is influenced both by the desired fluidization regime,

and the proportion of combustion air that is to be delivered to the bed.
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Figure 1.1: Fluidization regimes. Image reproduced from the work of Grace [12]. Reprinted with
approval from copyright holder John Wiley & Sons.

1.3 Fluidized Bed Combustion Technology

FBC technology has been a topic of research and development since the 1960’s [13],
with Leckner [14] providing a review of the development of FBC technology over time.
Fluidized beds were used for gasification of lignite in the 1920’s following a patent by
Fritz Winkler [15]. In the 1960’s it was identified that FBC could enable better use of
low-grade coals and other poor-quality fuels by Douglas Elliott of the British Coal
Research Establishment (CRE) [16, p. 192]. Elliott demonstrated that fluidized beds
were both suitable for the combustion of coal, and furthermore, that they could offer
reduced sulphur emissions via the addition of bed additives and absorbents. In the
1970’s interest arose in the Nordic countries in the use of FBC for combusting “difficult
fuels” such as peat or paper and pulp waste [16, p. 194]. In 1977, a FBC boiler was
commissioned near Stockholm to provide district heating, and utilised several fuels such

as coal, peat, and wood biomass [17].

These early FBC boilers were of the “bubbling” bed variety. In the early 1980°’s
Ahlstrom of Finland and Lurgi of Germany began developing “circulating” fluidized
bed boilers, with Ahlstrom naming their design “Pyroflow” [18, pp. 19-36]. The late

1980’s then saw another variant to FBC technology in the form of the first pressurized
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FBC boiler, from a partnership between the International Energy Agency and several

countries [19, pp. 120-120].

FBC boilers are now a relatively mature technology, with numerous comprehensive

works detailing their design, variants, operation, and scale-up challenges [4, 20, 21, 22,

23]. The three main design options for FBC units that arose from the 1960-1990 period

of rapid development remain: bubbling fluidized bed (BFB) designs, circulating
fluidized bed (CFB) designs, and pressurized fluidized bed (PFB) designs.

As described by Basu [21, p. 7], a BFB boiler (Figure 1.2) consists of the following

primary sections:

Bed: In a BFB, the gas flow rate through the bed is set such that entrainment of

bed material is minimized, with a bubbling fluidization regime desired.

Freeboard: The open space above the bed where wall tubes are typically placed

for raising steam, as well as the input location for secondary and tertiary

combustion air streams. The uppermost region is typically where superheater

tube banks begin.

Backpass: The ducting through which flue gas exits the top of the BFB

combustion chamber, and often holds economizers and air pre-heaters for heat

recovery from the flue gas.

Superheaters |

Tertiary air
input

Secondary air
input

Bubbling

Fluidized Bed

n\T/AA

Bad

Economizers &
Air Pre-heaters

TV

Primary air

input

» Bottom ash

Figure 1.2: Simplified diagram of a BFB boiler. Adapted and redrawn from the diagram of Basu [21, p.

212].
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Basu [21, p. 8] also details the main characteristics of a CFB boiler (Figure 1.3):

Combustion chamber with bed: Gas flow rates are set such that bed material
becomes entrained in the gas flow and will be carried out of the combustion
chamber, thus the bed is the full height of the chamber.

Cyclone (or equivalent) for solids removal: On leaving the combustion
chamber, the combined stream of gas, bed material, and ash passes into a

cyclone (or equivalent) where solids are removed.

Solid recycle loop: Bed material from the cyclone then flows back into the
bottom of the combustion chamber, resulting in a continuous loop of bed
material from the combustion chamber, into cyclone, and back again. The loop
seal design itself is often a bubbling fluidized bed to promote movement of bed

material back into the combustion chamber.

Some of the typical key design parameters for BFBs and CFBs are given in Table 1.1 as

a point of comparison.

i
T

—]
4+— Superheaters
—] P

Cyclone

Economizers &
Air Pre-heaters

Circulating
Fluidized Bed

Loop Seal
(optionally with
Superheater

?

Airinput

YT

Primary air » Bottom ash

input

Figure 1.3: Simplified diagram of a CFB boiler. Adapted and redrawn from the diagram of Basu [21, p.
254].



Chapter 1: Introduction

Table 1.1: Typical design parameters for BFBs and CFBs. Data collated from work of Koornneef, et al.

[24], and Basu [21, p. 6].

Parameter BFB CFB
Operating Temperature (°C) 760-870 800-900
Operating Pressure Atmospheric Atmospheric
Fluidization Velocity (m/s) 1-3 3-10

Boiler Efficiency (%) 90-96 95-99.5

Bed Height (m) 1-2 10-30

Pressurized fluidized beds (PFBs) operate at an elevated pressure, typically 10-15 bar
[25], and come in either bubbling PFB or circulating PFB variants, similar to their
atmospheric pressure equivalents. However, PFBs are less common, with only six
circulating PFB boilers in commercial operation as of 2004 [24], thus will not be

discussed in further detail.

Table 1.2 summarises information on the installed capacity of both CFB and BFB type
boilers from several of the main manufacturers. CFB installations are both more
numerous and, on average, are larger in capacity than BFBs. As Koornneef, et al. [24]
describe, this is due to CFB boilers being easier to scale-up. At present, BFB boilers are
preferred when burning more challenging high ash fuels or blends, whereas CFB boilers
are preferred with lower ash fuels which can be handled at larger thermal capacities
[26]. A broad discussion on the difficulties and development of FBC technology over

time is given in a review by Bafiales-Lopez & Norberg-Bohn [13].

Recent numbers from Sumitomo SHI FW (formerly part of Foster Wheeler) show that
they have installed 385 CFB units worldwide as of 2012 [27]. This implies there is
continued high demand since installed figures were collated in 2007, as figures in Table

1.2 represent the total of several manufacturers.

Table 1.2: Total installed capacity, total number of boilers, and total number of installations, for boilers
from the following manufacturers as of 2007: Alstom, Babcock and Wilcox, Babcox Borsig, Bharat Heavy
Electricals, EPI, Foster Wheeler, Kvaerner Pulping, Lurgi-Lentjes. Data adapted from Koornneef, et al.
[24]. (Note that several of these manufacturers have changed names due to mergers or ownership
changes. Refer to Table 1.3). More recent equivalent data on the total number installations globally has
not been collated. As of 2013, more than 80 supercritical CFB boilers of capacities 350-660MW, were
installed in China, which are in addition to the numbers below [28].

Type Installed Capacity (MWe) No. of boilers  No. of
Min. Max. Average Per Total installations
Boiler
BFB <1 142 23.2 4,011 173 146
CFB <1 520 79.1 23,422 396 311
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Table 1.3 highlights the major designers of large scale commercial FBC boilers and the

typical fuel/size options for each offering where available. This list is not exhaustive,

and designers of smaller scale units are not included. Changes in names and ownership

have been reflected where appropriate, as significant amounts of available literature are

listed under previous company names. As discussed, it is clear from Table 1.3 that

BFBs are offered at smaller sizes for challenging biomass fuels, with CFBs generally

offered to larger sizes albeit for better quality biomasses and coals.

Table 1.3: Major designers of fluidized bed boilers, and their largest boiler thermal capacity offered.
Note: where an example of the largest installed capacity is not stated by the manufacturer, the largest
capacity offered is instead quoted. In some cases, boiler thermal capacity data is not available and

electrical generation output is instead listed.

Manufacturer

BFB

CFB

Sumitomo SHI FW

(FB boiler business
previously part of Foster
Wheeler)

Valmet

(FB boiler business
previously part of: Metso,
Kvaerner)

GE

(FB boiler business
previously part of Alstom)

Andritz

Babcock & Wilcox

Doosan Lentjes

Dongfang

Fuels: Biomass

Largest installed capacity:
100MWi, [29]

“HYBEX”

Fuels: Woody, pulp & paper
sludge, peat, some
agricultural fuels/wastes
Largest installed capacity:
400MWh, [32]

Not available

“ECOFLUID”

Fuels: Biomass, refuse
derived fuel (RDF), residues
Largest capacity offered:
approx. 400MWy, [36, 37]
Fuels: Biomass

Largest capacity offered:
approx. 430MWy, [39]

Not available

Not available

Fuels: Coals, biomass, other wastes
Largest installed capacity: 1116MWj,
x4 (coal + biomass), 651MW4,
(biomass) [30, 31]

“CYMIC”

Fuels: Coals, biomass, mixed fuels
Largest installed capacity: 1200MW,
[33]

Fuels: Coals, biomass, other waste
fuels

Largest installed capacity: 330MW, x2
(coal) [34, 35]

“POWERFLUID”

Fuels: Coals, biomass

Largest capacity offered: approx.
800MWi, [37, 38]

“IR-CFB”

Fuels: Coals, biomass

Largest capacity offered: approx.
960MWin+ [40]

Fuels: Biomass, Coals, others wastes.
Largest installed capacity: 700MW
[41]

Fuel: Coals

Largest installed capacity: 660MW;
supercritical CFB [28]
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1.4 Biomass

As seen in section 1.3, biomass fuels are a common option for fluidized bed boilers.

Biomass fuels are chiefly divided into one of four categories, as Jenkins, et al. [42] list:

1. Wood & woody materials.

2. Herbaceous & other annual growth materials (e.g. straws, grasses & leaves).
3. Agricultural by-products & residues (e.g. shells, hulls, pits, animal manure).
4

. Refuse derived fuels (RDF), wastes & other non-recyclables.

Proximate analyses performed by Jenkins, et al. [42] across a broad range of biomass
fuels reveal that on a dry fuel basis, fixed carbon values are between 12-20wt.%,
volatile matter contents are between 70-85wt.%, and ash contents are between 2-8wt.%.
The high quantity of volatiles, plus the large moisture contents of biomass (frequently
30-60wt.%) have similarly been shown in the works of others [43, 42, 44, 45]. Typical
ultimate analyses data from the work of Jenkins, et al. [42] is shown in Table 1.4 as a
point of reference. A recent extensive review and study by Vassilev, et al. [46]
examined ash compositions and behaviours during combustion for a wide range of
biomass fuels, including the potential effects of biomass blends. This work illustrated
the high complexity and variation in biomass ash, with silica, alkali and alkaline earth
metals featuring as significant components of biomass ash (20wt.%+), as well as the

high amounts of chlorine and heavy metals for some fuels.

Table 1.4: Typical ultimate analyses data for the biomass fuels examined by Jenkins, et al. [42].

Component Typical Range (wt.%0)
Carbon 38.00-50.00

Hydrogen 4.50-6.00

Oxygen (diff.) 35.00-40.00

Nitrogen 0.50-1.50

Sulphur 0.05-0.20

Chlorine 0.10-0.50

Ash 2.00-8.00

Saidur, et al. [43] placed biomass fuels into one of three different categories based upon

their fuel ash composition:

e Ca- & K-rich, Si-lean. Typically woody biomass.
e Si- & Ca-rich, K-lean. Typically herbaceous or agricultural.

e Ca-, K-, & P-rich, e.g. sunflower stalk ash or rapeseed expeller ash.
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The variability of biomass makes its combustion more challenging, particularly for
pulverized fuel (PF) combustion technology (e.g. differing energy densities, variable
composition by source/season, and non-combustible contaminants). These factors
necessitate significant amounts of processing (e.g. pelletization) to effectively use
biomass fuels in PF burners [4, 6, 20]. These are challenges that FBC technology can
overcome, as fuel can burn over longer timescales and be delivered in larger physical
sizes. Fuel does not need to be delivered to the burner in the form of a fine,

homogeneous powder for near instantaneous combustion as is needed in a PF burner

[6].

This variety of forms that biomass comes in offers a level of security and dependability
to the fuel supply [47, 48]. The International Energy Agency’s (IEA) 2020 World
Energy Balances Report [49, p. 9] stated that biomass accounted for 9% of the total
global energy supply of 14,282Mtoe. Biomass as a fuel is frequently used as a fuel in
combustion and gasification systems due to its wide availability [50, 51]. In 2016, the
UK Government reported on the estimated levelized cost of electricity (LCOE) for
several fuels and generation technologies [52, p. 29]. This report gave an estimated
LCOE of £87/MWh for a biomass power station deployed in 2020, compared to values
of £66/MWh for combined cycle gas turbines (CCGTs), £63/MWh for on-shore wind,
and £106/MWh for off-shore wind. Whilst these figures show that biomass is unlikely
to become a dominant fuel source in the UK on a cost basis, they do show that it
remains a viable option. One further advantage to biomass versus renewable sources
such as wind and solar is that it can also be used for dispatchable or baseload power
generation as it does not depend on weather conditions, ensuring security of generation.
These cost and technical benefits have led to biomass becoming a part of the UK power

generation fuel mix.

1.5 Biomass Power Generation in the UK

The UK Government’s National Renewable Energy Action Plan [53], released in 2010,
identified that biomass would be a key renewable energy source for power and heat
moving forward. In particular, the report highlighted the likelihood that wood would
become a commonly traded resource within Europe and elsewhere for power
generation, that there was potential in the UK to further utilise waste wood for power

generation, and that there was the opportunity for wider growth and use of energy crops

10
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such as miscanthus and straw. The 2020 Digest of United Kingdom Energy Statistics
(DUKES) [54] quotes a value of 25TWh of energy generation from biomass in 2019, a
9.2% increase over the previous year, out of a total UK electricity generation of
325TWh. In total, 28% of the UK’s renewable electricity generation was from biomass.
This is slightly greater than onshore wind and offshore wind which each accounted for
27% of renewable electricity generation, but when combined accounted for a total of

52% of the UK’s renewable electricity generation.

Clearly, biomass has become a key segment of UK renewable energy generation. This
uptake been stimulated by financial incentives available to biomass users, such as the
Renewable Obligation (RO) scheme, and the non-domestic Renewable Heat Incentive
(RHI) scheme, which increased revenue for generators [55]. However, the RO scheme
was closed to new applicants of March 2017, with the RHI scheme set to close in 2021.
This has introduced uncertainty in industry around the viability of constructing new,
large-scale biomass energy facilities. As an example, the Port Clarence Biomass Power
Plant was mothballed late into construction at of the end of 2018, due to missing
contractually required commissioning deadlines that would have enrolled it into the RO
scheme [56].

At present, there are numerous large biomass energy facilities in the UK. As of the end
of 2017, there were 22 power or combined heat & power (CHP) stations using biomass
fuels in the UK with outputs >15MW,, with 8 more having received planning approval
and being in various stages of construction and commissioning [57]. These use a
mixture of combustion technology types, such as pulverized fuel burners, fluidized
beds, and moving grates. Large biomass-firing fluidized bed boilers in the UK are listed
in Table 1.5, and are shown on a map of the UK in Figure 1.4. As is evident from Table
1.5, the entire UK fleet of FBC units primarily use wood fuels, with the only exceptions
being those associated with paper mills, which burn paper sludge waste in addition to
wood. This use of wood as a biomass fuel is common elsewhere around the world,
largely because wood presents less severe ash related issues in comparison to other

biomass fuels [7].
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Table 1.5: Table listing large (>20MWe,) biomass-firing fluidized bed power/CHP stations in the UK and
key details (ordered by start-up date).

Name Operator  Nameplate Fuel Boiler Design Start-up Ref.
Capacity year
Wilton 10 Power  Sembcorp  35MW; Wood & BFB, Sumitomo 2007 [58]
Station Energy (CHP) waste SHI FW
UK wood
UPM Shotton UPM 20MW, Wood & “HYBEX” BFB, 2007 [59]
Paper Mill paper Valmet
Boiler sludge
Steven’s Croft E.ON 44MW, Wood & “HYBEX” BFB, 2008 [60]
Biomass Power waste Valmet
Station wood
UPM UPM 26MW, Wood & “HYBEX” BFB, 2009 [61]
Caledonian (CHP) paper Valmet
Paper Mill sludge
Boiler
Iggesund Iggesund 44MW, Wood “EcoFluid” BFB, 2013 [62]
Paperboard ANDRTIZ
Biomass Power
Station
Blackburn E.ON 29MW, Wood & “EcoFluid” BFB, 2014 [36]
Meadows Power (CHP) waste ANDRTIZ
Station wood
Markinch RWE 50MW; Wood & “CYMIC” CFB, 2014 [63]
Biomass Power (CHP) waste Valmet
Station wood
Tansterne Solar 21 22MW, Waste 2x “STABB” 2018 [64]
Biomass wood BFB, HRS
Gasification Energy
Plant
Tees Renewable  Fortum 299MW; Wood CFB, Sumitomo 2021 [65]
Energy Plant pellets SHI FW (expected)
(REP) (MGT
Teesside)

The demand for woody biomass fuels has led to the UK becoming Europe’s biggest
importer of biomass fuels [66]. As of 2016, virgin wood supply for power generation in
the UK was 3.2Mt from a total harvest of 10.7Mt, whilst demand was estimated at
3.3Mt [57]. It is a similar situation for recycled wood, with a total supply estimate of
5Mt for all users, but a power generation demand of 1.6Mt [57]. Further expansion of
power generation from woody biomass in the UK will necessitate increased importing,
virgin wood harvesting, and/or a reduction in demand from other wood users. The UK
Government identified that it was necessary to move away from woody fuels towards
greater use of agricultural fuels such as straws and miscanthus in 2010 [53]. Recent
presentations at the Fuel and Energy Research Forum in the UK by professionals in the
biomass power industry have also highlighted this strain on UK wood supply, and
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active efforts to investigate the viability of alternative biomass fuels for biomass power
generation [67, 68]. The combined pressures of a limited UK wood supply and
uncertainty surrounding government subsidises such as the RO and RHI have created a
commercial environment in which biomass power station operators in the UK will
increasingly have to consider use of non-woody fuels as a part of their fuel blend. In the
context of FBC units, this would principally require overcoming ash related issues, as

these are typically worse when using non-woody biomass fuels.
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Figure 1.4: Map showing the large-scale (>20MW) biomass fluidized bed power stations in the UK, as
detailed in Table 1.5. Map created using Google Maps. Map data ©2020 Google.

1.6 Ash Related Issues During Biomass Combustion

There are four principal ash related issues during fluidized bed combustion of biomass:
agglomeration of the bed, slagging and fouling of heat transfer surfaces, and corrosion
of boiler metalwork [7]. Figure 1.5 shows where these issues arise within a simple BFB

boiler design.

Agglomeration occurs within the bed itself and is where bed particles begin to group
together into larger particles [69] (Figure 1.6). In the case of biomass combustion on a
silica sand bed, this is due to the formation of sticky alkali silicate melts of low melting

temperature. These agglomerates may be further strengthened by sintering, in which
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high localised temperatures leads to the melting and fusing of particles into large,
hardened structures. The accumulation of agglomerates eventually leads to
defluidization of the bed. This is the point at which the bed particles no longer move
and behave as a fluid in response to the fluidizing gas, as the mean bed particle size will
have increased meaning that the minimum fluidization velocity, Uy, is no longer
achieved [8].

Superheaters _
Fouling,
corrosion

Tertiary air —»

Tube walls
Slagging, corrosion ~ ~

Secondary air —» e

Bed
Agglomeration ~

4

YIS

. . » Bottom ash
Primary air

Figure 1.5: Simplified diagram of a BFB boiler highlighting areas where biomass ash contents (alkali
and alkaline earth metals, silica, and chlorine) cause issues. Adapted from the diagram of Hupa, et al.
[70].

In a commercial FBC boiler, operators may control agglomeration by varying fuel feed-
rates or blends, using alternative bed materials and/or additives, moderating combustion
temperatures and combustion distribution, altering and moderating airflows, or varying
rates of bottom ash removal and bed replenishment [71, 72]. A full bed defluidization
event would necessitate an unscheduled plant outage, as the bed is cooled, replenished,
and started up again [73]. This process would take upwards of 48 hours and would be
accompanied by a significant loss of revenue. Moreover, frequent start-up and shutdown
cycles may reduce the working lifespan of plant equipment [74, pp. 38-42]. As such,
considerable efforts have been made towards methods to predict or prevent

agglomeration issues [75].
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Figure 1.6: Image of several agglomerate samples collected from 50kW, fluidized bed combusting wheat
straw pellets on a quartz sand bed. Image from experimental work performed as part of this project.
Scale is in cm.

Moving from the bed to the upper sections of the boiler, slagging of the tube walls and
fouling of the superheater tubes [76, 77, 78, 79] are processes driven by similar
chemical components to agglomeration: alkali silicates, alkali chlorides, and alkali
sulphates. Here, alkali silicate melts form deposits, or in some cases alkali chlorides or
alkali sulphates, with slagging structures often becoming comprised of multiple layers.
Slag deposits may fall off wall tubes and into the bed as they develop, or during on-line
soot-blowing. When in the bed, they have the same effect as agglomerates on bed
fluidization. Corrosion [77, 80, 81, 82, 83] is caused mainly by chloride species, such as
alkali chlorides, hydrogen chloride, or metal chlorides (PbCl,, ZnCl,). Alkali chloride

species can also form part of slagging or fouling deposits to further worsen corrosion.

As all these ash related issues are inter-related, it is important to consider the effect on
the whole boiler system when evaluating possible countermeasures to one of these
issues. For example, countermeasures to agglomeration such as replacing a silica sand
bed material with an alternative bed material may free up alkali metal species to then
increase the severity of slagging and fouling. Countermeasures that react directly with
alkali metals, such as kaolin, may cause chlorine to form HCI instead of alkali chlorides,
thereby changing the type of corrosion that proceeds [84], which may necessitate

changes to boiler metals or anti-corrosive coatings.

It is for these reasons then that each of these ash related issues receives continued
investigative research work, despite the existence of countermeasures to each issue in

isolation. The interests of commercial boiler operators also motivate this continued

15



Chapter 1: Introduction

research activity, as they must manage ash issues whilst maximising plant uptime and

profitability.
1.7 Sembcorp Energy UK

Sembcorp Energy UK (SCE) were the industrial partner for this project. SCE own the
2000 acre Wilton International site in Middlesbrough, UK, where they supply
electricity, steam and water treatment services to chemicals and manufacturing clients
on the site [85]. To provide these services, SCE operate a broad mix of assets [86]
including gas turbines, an energy from waste (EfW) plant, and Wilton 10 (W10): a
35MW, CHP station that uses a bubbling fluidizing boiler designed by Sumitomo SHI
FW [58] (see Table 1.5). W10 was the UK’s first large scale biomass power station
when opened in 2007 and was later converted to CHP in 2010. A mixture of virgin
wood and recycled wood is used for fuel. Over the course of the project, process
engineering work has been performed with SCE to improve the performance of W10,
which forms Chapter 7 of this thesis.

1.8 Aims and Objectives
The aim of this project was as follows:

To broaden and deepen knowledge surrounding the mechanisms and mitigation
of agglomeration when varying operational conditions, changing bed materials,
or using additives. A particular focus is to be placed on the use of non-woody
biomass fuels, which are less explored in the literature, but do attract interest

from researchers and industry as a means to widen FBC fuel envelopes.
To fulfil this aim, objectives were defined as follows:

1. Perform exploratory work across a range of fuels, bed materials and operational
conditions, to both clarify the existing literature and deepen the knowledgebase.
Determine the relative performance of each fuel, of different bed materials, and
the differences in agglomeration mechanisms when varying these factors.

2. Investigate the effects of varying dosages of kaolin and dolomite bed additives
with agricultural biomass fuels (wheat straw and miscanthus). Determine the
best additive for each fuel, the fundamental agglomeration mechanisms with
each fuel/additive combination, and the impact of dosage variations.
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3. Perform thermochemical modelling of the fuel and additive combinations tested
experimentally in fulfilment of objective 2. Determine if the predicted
performance aligns with that seen experimentally and use this to evaluate the
overall usefulness of thermochemical modelling tools for agglomeration studies.

4. Perform mixed process engineering and performance improvement activities
with industrial sponsor Sembcorp Energy UK on the “Wilton 10” CHP station.
A focus is to be placed on a study of the existing blend-to-boiler fuel mixture,

and how this may be altered or improved to increase plant performance.

1.9 Thesis Structure

This thesis is divided into 8 chapters. Chapter 1 is this introductory chapter to fluidized

bed combustion, biomass usage for power generation, and associated issues.

Chapter 2 is an extensive literature review on the mechanisms of agglomeration during
fluidized bed combustion of biomass, studies into agglomeration mitigation, and the use
of thermochemical modelling software for biomass ash models and advanced analytical

techniques for fuel studies.

Chapter 3 details the experimental methods and materials that were used across the
course of the project, along with the approach to thermochemical modelling and
industrial fuel data analysis. A discussion on the strengths and weaknesses of the

methods is given where appropriate.

Chapter 4 covers the fulfilment of objective 1. Four different biomass fuels were tested,
along with sand and olivine bed materials of varying particle sizes. Bed height and bed
particle size were also varied. The effects of these materials and operational conditions
on emissions and agglomeration were evaluated to clarify inconsistencies in the existing
literature and expand existing knowledge, particularly with use of wheat straw and
olivine. A novel spatial study of agglomerate composition in different bed regions was

also performed.

Chapter 5 explores the impact of varying dosage rates of kaolin and dolomite with
miscanthus and wheat straw fuels, in fulfilment of objective 2. The effect of varying
additive dosage has been considered for each fuel. A thorough study of agglomerate

structure and composition has been performed, across common agglomerate features
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and locations, to fully elucidate the mechanisms by which each additive mitigates

agglomeration.

Chapter 6 investigates thermochemical modelling of biomass ash with the software
package FactSage, in fulfilment of objective 3. The additive scenarios tested
experimentally in Chapter 5 are modelled from both a “ground up” basis, using fuel ash,
additives, and gas environments as model inputs, along with modelling experimental
agglomerate composition data from Chapter 5. Each approach is compared. Following

this is a discussion of accuracy and usefulness of FactSage for agglomeration studies.

Chapter 7 is in fulfilment of objective 4 and discusses a study of the Wilton 10 blend-to-
boiler fuel mixture. This comprises an in-depth analysis of the current fuel contaminants
in terms of change over time and the application of advanced data analytical techniques,
including a machine learning approach (random forest regression), to attempt to find
underlying fuel relationships. Consideration is also given to the viability of increasing

the proportion of waste wood in the fuel blend.

Chapter 8 contains the final conclusions and recommendations for future work,

collating the key findings of the research performed across Chapter 4-Chapter 7.

Several appendices are included at the end of this document. Appendix A lists all
publications and dissemination arising from this work. Appendix B lists the taught
modules completed in fulfilment of the EngD programme requirements. Appendix C
and Appendix D contain supplementary information regarding the FactSage modelling
work which is the subject of Chapter 6. Appendix E-Appendix K contain supplementary
information regarding the industrial fuel data study in Chapter 7 and the work with
Sembcorp Energy UK.
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Chapter 2

Literature Review

A version of this chapter has been published by the author in the form of a journal
article [87]:

Mechanisms and mitigation of agglomeration during fluidized bed combustion of
biomass: A review. Morris, J.D., Daood, S.S., Chilton, S., Nimmo, W. 2018. Fuel,
Vol. 230, pp. 452-473.

Within this chapter, content has been expanded or abridged in different areas as
required to be commensurate with normal thesis formatting. New literature published in

subsequent years has been incorporated where appropriate.

2.1 Introduction

This chapter provides a comprehensive review of the current literature on mechanisms
and mitigation of agglomeration when using biomass fuels in a fluidized bed combustor.
Prior reviews in the field have looked broadly at all ash challenges (agglomeration,
slagging, fouling, corrosion) [7, 77], or focused on modelling [88] or the prediction of
agglomeration [75]. Reviews specific to agglomeration have only briefly considered the

mitigating effects of operational parameters on agglomeration [89, 90].

2.1.1 Review Scope

This chapter is divided into three review sections:

e The mechanisms of agglomeration.
e The effects of process variables on agglomeration severity.
e Use of FactSage for thermochemical modelling in agglomeration studies, and

the random forest machine learning algorithm for biomass fuel studies.

Summaries are provided at the end of each section to highlight key findings, note the
important critiques, and list key areas for further work. The end of chapter summary

highlights the main areas where further work is needed.
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2.2 Mechanisms of Agglomeration

2.2.1 Fundamental Agglomeration Chemistry

As noted in Chapter 1 section 1.6, the fundamental chemistry driving agglomeration is
the formation of alkali silicate eutectics. This is from the interaction of SiO2 in the bed
material or ash together with alkali metal oxides in the fuel ash, such as K0 or Na.O.

For example [91]:

K,0 +nSi0, - K,0 -nSi0,
Equation 2.1

The value of ‘n’ may range from 1-4. In the case of potassium silicates, higher values of
‘n’ generally reduce the eutectic melting point: with K2O-SiO this is 976°C, whilst for
K20-4Si0- the melting point is 764°C [91]. These low melting points allow for the
formation of a melt in the typical FBC bed temperature range of 800-900°C [92], which
can then cause adhesion of the bed particles and agglomeration. Other chemical
components are also important to biomass ash melting behaviours. For example,
increases to the calcium content of an ash melt system raises its melting point, as per the
K20-CaO-SiO; ternary system [93]. The K.O-CaO-SiO ternary liquidus projection
phase diagram, as investigated by Morey, et al. [93], is shown in Figure 2.1 as a point of
reference. The behaviour with changes to CaO content is clear in Figure 2.1. Increases
in isotherm temperature values occur with increases to CaO content when moving up
the right-most axis, and general increases in isotherm temperature values are seen when
reducing the K>O content of the system. Fuels with high phosphorous content add
further complexity and challenge to biomass ash melting [94, 95, 96, 97]. Calcium
reacts with phosphorous instead of silica to form more stable calcium phosphates. This
reduces the CaO content of the K>O-CaO-SiO; ternary system, reducing melting
temperatures. Potassium also reacts with phosphorous to form low melting point
potassium phosphates, with these also reacting with silica (e.g. in bed material) to form

potassium silicates.

The accumulation of agglomerates within the bed will eventually cause bed
defluidization [75], hence the interest in minimizing agglomerate formation. Early
works into agglomeration with biomass fuels identified eutectic melts as key drivers of
agglomeration [98, 99, 100]. Sintering (Figure 2.2) had been identified as a key driver

of agglomeration in coal research [101]. This is the process by which bridges between
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particles are formed or strengthened by the diffusion of surface matter across particle
boundaries, resulting in particles being fused together. Skrifvars, et al. [102] looked at
this phenomenon when combusting biomass, and found that the presence of a >15%
molten phase in ash would lead to elevated amounts of sintering. Skrifvars, et al. [103]
then applied standardised ash testing methods to predict sintering and agglomeration
temperatures in biomass. However, there was limited success with either of these
methods at predicting agglomeration severity. Subsequent work has led to the definition
of two different agglomeration mechanisms: coating-induced agglomeration and melt-

induced agglomeration. These will be discussed in detail over the following sections.
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Figure 2.1: K,O-CaO-SiO; ternary liquidus projection diagram. Reproduced from the work of Roedder
[104] with the permission of copyright holder Elsevier. Originally presented by Morey, et al. [93].
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Figure 2.2: Generalised diagram showing the progression of sintering. Within an atmospheric fluidized
bed, particles may be fused together under high temperatures. Diagram adapted from Hosford [105, p.
144].
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2.2.2 Coating-induced Agglomeration

In the work of Ohman, et al. [106], combustion experiments for several different woody
and agricultural biomass fuels were performed at lab-scale, using the “Controlled
Fluidized Bed Agglomeration” methodology put forth in their earlier work [107]. Here,
controlled incremental heating was applied to the bed until agglomeration was detected
by principal component analysis (PCA) of temperature and pressure fluctuations within
the bed. This was followed by scanning electron microscopy with energy dispersive X-
ray spectroscopy (SEM/EDX) analysis of the resulting agglomerates, which focused on

the “neck” between two joined particles.

The most abundant non-silica components in the agglomerates were alkali metals or
alkaline earth metals — primarily either potassium or calcium — which accounted for
between 20-70wt.% across the different fuels. For some fuels, aluminium and iron
featured in amounts of up to 20wt.%. Ohman, et al. [106] then proposed the following

mechanism for agglomeration:

1. Ash is deposited on bed particles creating a coating, through a mixture of small
particles attaching to bed material, gaseous alkali molecules condensing, and
reactions involving gaseous alkali molecules on the surface of the bed material.

2. Sintering occurs on this bed particle coating, homogenizing and strengthening it.

3. Melting of this silicate coating layer controls adhesive forces, which influence
the severity of the agglomeration process. This is temperature-driven.

The work of Silvennoinen [108] also describes a coating mechanism similar to that of
Ohman, et al. [106] with woody fuels, and states that whilst potassium silicates are the
primary chemical basis for coating layers, in some cases sodium silicates are instead

present. This highlights that other alkali-silicates can be the basis of coating layers.

The works of Nuutinen, et al. [109], Visser [110], Brus, et al. [111], and Ohman, et al.
[112] are closely related, in that they further investigated bed particle coatings, all
finding compositional and structural differences through the layers, indicating the
presence of multiple layers. These works took samples from woody fuels, typically

using quartz sand beds, at scales from lab-scale FBC units to full-scale installations.

The presence of multiple layers appears to be a factor of the potassium content of the
fuel, with an example from the work of Visser [110] shown diagrammatically in Figure

2.3. Fuels that are lean in potassium produce two layers: an “inner” homogeneous layer
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with significant calcium content, and an outer heterogeneous layer more similar in
composition to that of the fuel ash. Fuel that are rich in potassium produce an additional
“inner-inner” layer with notable amounts of potassium. The relative compositions of the
inner and outer layers remain similar regardless of if the fuel is potassium-rich or lean.
The difference in the relative compositions across the outer, inner, and inner-inner

layers are shown in Figure 2.3.

Three-layer coating: K-rich system Two-layer coating: K-lean system

Sio, Sio,

Bed Material Bed Material

Inner-Inner Layer Outer Lz er La
Element wt% wt% wt% Element wt% wt%
Si 3 14-18 34 Si 3 14
p 6 - p 5
S 4 - S 4
K 7 - 10 K 7 -
Ca| 29 44 4-5 Ca 28 41

Figure 2.3: Diagram showing the compositional differences between two- and three-layer coating
systems, as described by Visser [110]. Based on the diagram of Visser [110].

Some different observations can be seen between the works of Nuutinen, et al. [109],
Visser [110], Brus, et al. [111], and Ohman, et al. [112].

Nuutinen, et al. [109] noted that for the combustion of peat the “inner” layer was absent,
leaving only the outer ash layer. This could perhaps be a result of the operational time,
conditions, or a behaviour unique to peat as a fuel. Nuutinen, et al. [109] also trialled a
proprietary magnesium-based bed particle named “GR Granule”, which had two coating
layers present: an inner layer of ~60% calcium and 15-20% silicon, and outer layer with
notable amounts of magnesium, possibly from abrasion of the bed material.

Visser [110] proposed a coating mechanism similar to that of Ohman, et al. [106], again
with woody fuels, albeit without mention of interactions with gaseous alkali

compounds. It was described as a build-up of small ash particles on bed material or
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larger ash particles to create a coating, followed by neck formation between two coated
particles, which can be followed agglomeration and/or sintering. If agglomeration leads
to localised defluidization, an increase in localised bed temperatures may occur,

triggering melt-induced agglomeration (see section 2.2.3).

Brus, et al. [111] examined agglomerate samples produced from commercial-scale CFB
and BFB boilers ranging from 30-122MW#,, and those from a lab-scale BFB rig.
“Inward chemical attack” by potassium or calcium silicates on the original quartz sand
bed particle was observed. This conclusion was drawn through using quartz sand of a
homogeneous particle size distribution of 106-125um, taking 200 SEM images of
particles before and after experimentation had occurred, and then comparing the mean
cross-sectional area of the sand particles before and after experimentation. This is an
adequate method, given the alternative of tracking and comparing a specific particle and
the challenges which that would entail. SEM/EDX imaging of sand particles that had
been in boilers for upwards of 33 days showed the diffusion of potassium into cracks in
the sand particle and the formation of potassium silicate veins within the sand particle.
This adds support to their conclusion of inward chemical attack occurring. Brus, et al.
[111] also noted that the calcium-silicate dominated “inner” coating layer is replaced by
potassium-silicates or other alkali-silicates in locations where calcium is not as

available, such as cracks in sand particles, or when the fuel ash contains less calcium.

Ohman, et al. [112] examined coating distribution across the particles examined with
SEM/EDX, as summarised in Table 2.1. To obtain their SEM/EDX data, Ohman, et al.
[112] selected 3-5 particles per fuel. All the fuels tested led to bed agglomeration, yet,
as per Table 2.1, the quantity of coated particles to cause agglomeration varied from
<10% of particles examined to being the “majority”, which can be assumed as greater
than 50%. This raises questions around the methods by which agglomeration occurred:
for example, whether these differences are down to sampling methods or are the result
of other mechanisms. Therefore, it may be worthwhile investigating the differences
coating composition and the frequency of coated particles across the whole bed. This
may indicate if certain zones are more susceptible to agglomeration and help provide a
better understanding of bed-scale agglomeration and defluidization mechanisms and
would be valuable for full-scale installations with bed cross-sectional areas in the tens

of square metres scale.
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Table 2.1: Table summarising fuel and relative presence of coating on the particles examined with
SEM/EDX by Ohman, et al. [112]. Note that this percentage presence of coating was found to be
identical for both combustion and gasification environments.

Percentage of particles examined

Fuel where coating was present
Bark “Majority”

Reed canary grass 10%

Lucerne 10%

Olive flesh “Majority”

Cane trash 10-30%

Bagasse <10%

Zevenhoven-Onderwater, et al. [113] investigated the ash compositions of five different
woody fuels: bark, two forest residues, construction residue wood, and sawdust. From
analysis of bed material and fuel ash compositions, the coating layer thickness
observed, and the weight of the bed before and after experimentation, the source of
coating elements was determined. Roughly 50wt.% of potassium from the fuel remained
in the bed, along with 8-30wt.% of the calcium and 30-65wt.% of fuel derived silicon,
all of which could contribute to agglomeration. Coating layers were homogeneous, with
a formation method suggested: potassium-silicates begin forming a “first layer” on bed
particles at around 750°C, which then captures other ash components, leading to the
formation of a sticky layer of melting point <800°C.

Grimm, et al. [114] investigated agglomeration behaviour when using olivine as a bed
material. Experiments were performed for willow, logging residue, wheat straw, and
distillers dried grain using wheat and solubles (DDGYS) fuels, on both olivine and quartz
sand beds, with a 5SkW BFB reactor. An olivine bed resulted in reduced agglomeration
tendency for willow and logging residue, with no change noticed for wheat straw or
DDGS. The outer coating layer with olivine was similar in composition to the fuel ash,
as it was with quartz sand. A key difference versus quartz sand was the composition of
the homogeneous inner coating layer for willow and logging residue, which comprised
of Mg, Si and Ca as opposed to K, Si and Ca. This may have been due to the
methodology used: fuels were combusted at around 800°C for 8 hours before the
temperature was incrementally increased until agglomeration occurred or the maximum
temperature of 1060°C was reached. Temperatures in excess of 1000°C, as were
reached with willow and logging residue, may have allowed some fraction of the
magnesium in olivine to partake in melt formation. Such temperatures would not be

reached in the bed typical FBC operation; therefore, this result may not be wholly
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representative of a full-scale facility. Wheat straw and DDGS did not reach such high
temperatures and did not exhibit differences in ash coating composition when using

olivine compared to quartz sand.

More recently, several groups have observed calcium layering when using olivine in
fluidized bed gasifiers, mostly when using woody fuels [115, 116, 117, 118]. For
example, Kirnbauer & Hofbauer [117] investigated use of olivine with a wood fuel in an
industrial-scale dual fluidized bed gasification. They observed the formation of two
distinct layers: an inner calcium silicate-rich layer, and an outer layer of similar
composition to the fuel ash. The formation of these layers was in part due to the use of
calcium additives such as dolomite for increased catalytic performance in the
gasification process. However, it was noted that the inner calcium silicate-rich layer
arose due to incorporation of calcium into the outer olivine crystal structure, hence why

it was of similar thickness across the perimeter of the bed particles examined.

He, et al. [119] analysed the effect of operational time on quartz sand bed particles for a
5kWw BFB, 30MW BFB, and 122MW, CFB. Samples were taken after the addition
of a fresh bed, and at intervals of several hours for the lab-scale 5SkWi unit or every few
days for the full-scale plants. The bed material was replenished at the standard
operational rate for the two full-scale units: <3wt.% of the bed per day for the 30MW4
BFB unit, and 50wt.% of the bed per day for the 122MW, CFB unit. He, et al. [119]
noted similar multilayer composition findings to others [109, 110], though there was a

time dependency for their formation.

In the case of the 5kW, BFB, a single coating layer was found on bed particles. For the
30MWs4 BFB, a single layer was found on 1 day old particles, whereas older particles
displayed an inner homogeneous layer and outer non-homogeneous layer. For the
122MW¢ CFB, 3 day old samples displayed two coating layers, equivalent in
composition to the “inner-inner” and “inner” layers observed by others [109, 110]. An
outer layer was found only on 4 and 6 day old particles. Only the 122MW, CFB
presented an “inner-inner” Si-K-Ca layer. The fuel used in the CFB had higher ash
content than the 30MW, BFB (3.1wt.% dry, versus 1.8wt.% dry) and higher potassium
content (0.18wt.% dry, versus 0.11wt.% dry). This adds further support to the theory
that an inner-inner layer of Si-K-Ca is only present with sufficient availability of
potassium in the fuel [109, 110].
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Figure 2.4: Coating layer growth over time for a) full-scale BFB and CFB units and b) a lab-scale BFB.
Based on the data of He, et al. [119].

Layer growth was tracked over time by He, et al. [119], the results of which are
reproduced in Figure 2.4. XRD analysis on 30MW4u BFB samples from 3-23 days old
revealed that initially K-based compounds formed the majority of the mass of the layer.
This then progressed to the layers primarily comprising of calcium based compounds
such as CasMg(SiO4)2, Ca2SiO4 and CazSiOs. SEM images showing the structural

changes in coating layers over time have been reproduced in Figure 2.5.

He et al. [119] then gave the following theory for agglomerate formation: Potassium
species first react with the bed particle to form low-melting point potassium-silicates.
Layer growth proceeds with the addition of calcium to this melt, causing precipitation
of stable calcium-silicates with high melting points. The increase in calcium

concentration within the layer, and loss of potassium, results in a weaker driving force
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for calcium diffusion and reaction, thus a reduced layer growth rate over time. A higher

amount of melt in this inner layer would influence diffusion and reaction of calcium

into the layer, thus influence layer growth rate.

Figure 2.5: Example SEM images of coating layers (lighter grey) resulting from the combustion of wood
on a sand bed in a 30MW, Bubbling FBC unit. Images ‘a’ through ‘e’ are of particles 1, 3, 5, 13, and 23
days after initial bed start-up. Differences in layer homogeneity moving outward can be clearly seen in
images ‘c’ through ‘e’. Images reproduced with copyright holders’ permission from the work of He, et al.
[119]. Further permission enquiries related to this material should be forwarded to the American
Chemical Society.

Gatternig & Karl [120] have further explored coating-induced mechanisms.
Experiments were first performed with a progressively heated bed, and multiple coating
layers were observed aligning with the findings of others [109, 110]. Building on the
inward coating growth theory suggested by Brus, et al. [111], Gatternig and Karl [120]
suggested that collisions between two coated particles allows for capillary action to
draw coating melts inwards into the particle. Additionally, from SEM/EDX imaging,
visible remains of the heterogeneous outer coating shell were seen in agglomerate
necks/joins. Gatternig & Karl [120] concluded that the outer coating layer is dry and
powdery, a feature observed by others [112], and that it increases in melt fraction
towards the centre. On collision, this shell fractures, allowing for the inner melt to form
a liquid bridge, with remnants of the outer shell being present within it. Such a theory
diverges from previous suggestions that bridges between coated particles form during

the initial melt layer phase [110].

Gatternig & Karl [120] also performed experiments with a fluidized bed of sand above a

fixed bed into which fuel was added, to detect the effects of gaseous phase alkali
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compounds on agglomeration. No coating layer formation was found, indicating that
gaseous or aerosol alkali metals do not contribute to coating formation. Others have
speculated this to be the case, such as Scala & Chirone [121]. It should be noted that the
methodology employed by Gatternig & Karl [120] does not allow for other bed
phenomena to proceed, such as localised defluidization and/or bed temperature
hotspots, as there is no direct contact with the fuel. Such phenomena may however
provide a temperature gradient over which a vaporization-condensation cycle could

occur.

He, et al. [122] have expanded upon their previous work [119] by means of chemical
equilibria modelling for ash reactions and the development of a diffusion model, using
the FactSage software package. The data used in the model, and for validation, was that
of their previous work [119]. Temperature had a large effect on layer growth rate for
operation at 850°C. The model predicted layer thicknesses of 10um at 5 days of
operation and 15um at 16 days, whilst at 900°C, a thickness of about 20pum was
predicted at 5 days, and 40um at 16 days. It was suggested that the additional
temperature allowed for increased diffusion of Ca?* into the inner melt layer, hence
greater layer growth. The decrease in inner layer growth rate over time is suggested as
being due to changes in inner layer composition. Ca?* diffusivity was higher in CazSiO4
than in CasSiOs, but it is the latter which increases in concentration within the inner
layer over time. Furthermore, the physical growth of the layer would increase the
diffusion distance, further impacting calcium diffusion. The agglomerate coating layer

growth mechanism thus suggested by He, et al. [122] is reproduced in Table 2.2.

Table 2.2: Coating-induced agglomeration layer growth mechanisms proposed by He, et al. [122]. Table
reproduced from He, et al. [122].

Phase Controlled Main Crystalline Layer Growth Rate
Process Phases
1 (<1 day) Reaction Only K-rich silicate Fast in the presence of
melt enough available calcium
2 (from 1 day to ~2 Diffusion CaSiOs3, Ca,SiOs Medium
weeks)
3 (from ~>2 weeks) Diffusion Ca,Si0s, CasSiOs Quite low

When He, et al. [122] validated the model against experimental data, the model was
found to provide a good indication of starting and ending coating layer thickness,
though did not match the variations in layer growth rate that happened on smaller

timescales. This highlights an area for further work: accurately modelling layer growth
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rate over the entirety of coating layer growth periods. This would be of particular use
for full-scale FBC units, as bed material is removed and replenished during operation
[72, 123]. The ability to accurately model and predict coating layer thicknesses across
the bed at any point in time could allow for the optimisation of bed replenishment

frequency.

2.2.3 Melt-induced Agglomeration

Olofsson, et al. [91] proposed an agglomeration formation mechanism, “heterogeneous
agglomeration”, and stated that this arises due to localised “hot-spots” of over 1000°C,
versus bed temperatures of ~670-870°C, allowing the creation of a melt phase of alkali-
silicate derived from both fuel ash and bed material. The largest agglomerates had a
glass-like appearance, indicating prolonged exposure to high temperatures, were 50-
60mm in size, and frequently caused defluidization. Olofsson, et al. [91] speculated that
the cause of “hot-spots” in the bed was a combination of small fuel feed fluctuations
and temporary gas channelling through the bed leading to localized fluidization

disturbances.

The later work of Lin, et al. [124] presented an alternative “melt-induced”
agglomeration mechanism, from combustion of wheat straw on a quartz sand bed. After
two minutes of combustion at a bed temperature of 720°C, weak agglomerates were
present in the form of a charred fuel pellet with sand particles weakly attached. After
two minutes of combustion at 920°C, the agglomerates were stronger and there was far
less of a char core present. After ten minutes of combustion, the char core had fully

combusted leaving hollow sand agglomerates in the shape of the fuel pellet.

Lin, et al. [124] proposed a mechanism as follows: Burning char particles had been
observed as being at higher temperatures than bed particles, and go from partially to
almost completely molten between 750-900°C. When bed particles collide with these
molten char particles, they may adhere to them, and become coated with the molten
char melt. As the char particle burns away, the sand particles would remain stuck
together. Such a conclusion is supported by their results: two minutes of combustion at
920°C versus 720°C resulted in a stronger agglomerate, therefore there could be more
of a molten char melt hence a stronger agglomerate forms. Additionally, at this higher

temperature sintering may have strengthened the agglomerate.
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Visser [110] put forth a melt-induced agglomeration formation mechanism from a
comparison between a lab-scale FBC unit and an 80MW, FBC plant and described it as
the result of collisions between bed particles or larger ash particles, which adhere to one
another due to molten ash particles that function as a viscous glue. It is notable that
whilst similar in nature to the method of Lin, et al. [124], it does not suggest that larger

molten char particles may act as a platform from which agglomerates can grow.

Chirone, et al. [125] examined agglomeration behaviour when combusting pine seed
shells, using lab-scale and pilot-scale equipment. Chirone, et al. [125] proposed that bed
particles stick to melting char particles which then burn away, leaving behind hollow
agglomerates in the shape of fuel particles. Chirone, et al. [125] further suggested that
combusting char particles act as a localised temperature “hot-spot”. This causes more
severe melting and thus more severe agglomeration than coating-induced agglomerates

typically display.

Scala & Chirone [121] studied mechanisms of agglomeration with a lab-scale unit using
olive husk fuel. A prior examination of the literature revealed that temperature had
negligible effects on alkali deposition rate, and experimentation with variable air flow
rates to control temperature gave little change in amounts of bed ash. Scala & Chirone
[121] concluded that vaporisation and condensation pathways for alkali deposition
likely had a negligible effect on agglomeration. Scala & Chirone [121] proposed a
mechanism for agglomeration: Ash is transferred to bed particles via collisions with
small fine ash or large coarse char particles. Alkali species then physically diffuse
through the ash and interact with silica to form a eutectic. From the observations of
others [124, 125], Scala and Chirone [121] then stated that the transfer of alkali species
by collision and their melting behaviour was likely promoted by high temperature char
particles. With sufficient temperature and alkali content in the bed, defluidization will
occur. If the bed temperature is not high enough to melt the eutectics, burning char
particles may provide a “hot-spot” that can drive melt formation and the accumulation

of smaller agglomerates, which can defluidize the bed.

Liu, etal. [126] looked at melt-induced phenomena, when combusting rice straw, and
suggested that the presence of K and Na components on the exterior of fuel fragments

would allow them to form adhesive alkali-silicates with relative ease. Large ash
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fragments (>10um) may then bind together bed material, as was evidenced by

agglomerates being conjoined by necks of similar composition to that of the fuel ash.

Gatternig & Karl [120] provided further evidence in support of the melt-induced
agglomeration behaviour seen by Lin et al. [124] and Chirone, et al. [125]. Gatternig &
Karl [120] first observed that denser fuel particles, such as wood pellets, were fully
submerged in the bed during combustion thus had similar temperatures to the bed itself.
When testing less dense hay pellets, the pellet “floated” on top of the bed and reached
temperatures up to 400°C higher than the bed. This would be sufficient to produce
molten ash fuel pellets to drive the melt-induced agglomeration mechanisms proposed
by Lin, et al. [124], and may offer one explanation for temperature “hot-spots”.
Gatternig & Karl [120] state that lower density fuels, typically herbaceous ones, will
likely undergo this behaviour. This aligns with the experiences of Lin, et al. [124], who
used low density wheat straw, Chirone, et al. [125] who used pine seed shells, and
Olofsson, et al. [91], who recorded the occurrence of “hot-spots” and more severe
agglomeration when lower density fuels were used (sawdust, straw, and meat and bone

meal).

An aspect not explored within the literature is the relative presence of silica and alkali
metals within the ash to drive melt-induced agglomerate formation. The fundamental
difference seen between coating-induced and melt-induced agglomeration is that the
former involves the interaction of alkali metals with silica in the bed material, whilst the
latter relies on the presence of both silica and alkali metals in the ash to form an alkali-
silicate ash melt [110, 127]. The fuels used in the majority of the works above where
severe melt-induced agglomeration occurred were generally herbaceous with high silica
content in the ash [91, 120, 121, 124, 126]. Therefore, there may be a point at which the
melt-induced mechanism takes precedence over coating-induced agglomeration as the
dominant mechanism for agglomeration, due to the relative availability of silica and

alkali metals.
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2.2.4 Summary of Agglomeration Mechanisms

The current knowledge of agglomeration mechanisms can be summarised as follows

(shown diagrammatically in Figure 2.6 and Figure 2.7):

2.2.4.1 Coating-induced Agglomeration (Figure 2.6)

There is broad agreement that this mechanism is initiated via the formation of a molten
adhesive alkali-silicate melt on the surface of silica-rich bed particles, usually
potassium-silicate, though in some cases sodium-silicates if sufficient quantities are
present in the fuel [108]. The mechanism is commonly seen with woody fuels, with
coating layers forming via the accumulation of K-compounds from fuel ash on silica-

rich bed particles, at temperatures in excess of 750°C.

This K-silicate layer then grows inwards via reaction with silicate species in the bed
material [111]. There may be the effects of capillary action from cracks in the bed
particle drawing K-compounds further inwards after collisions with other coated
particles [120]. Any silica within the fuel ash may also react together with potassium
species on the bed material surface to generate more of a melt. Calcium species from
the outer ash layer begin diffusing into the molten K-silicate inner layer and react to
form stable species with silicate with melting points in excess of 1000°C, such as
CazSiO4 and CasSiOs [119].

At the end of this process, bed particles typically possess two- or three-layer coatings.
In the case of a two-layer coating, there is an inner homogeneous layer rich in Ca-
silicate compounds, and an outer heterogeneous layer whose composition is broadly in
line with that of the fuel ash [114, 119, 120]. In the case of three-layer coating systems,
there is an additional “inner-inner” homogeneous layer, rich in silica, K, and Ca [110,
119]. The causation of this inner-inner layer has been speculated as the presence of high
amounts of K in the fuel [110], or perhaps the lack of a diffusive driving force for Ca to
diffuse and react all the way to the bed particle-coating layer boundary [119, 122]. The
outer ash layer appears to prevent formation of further K-silicate melts, by denying K-
compounds access to the silicate of the bed material with which it would otherwise form
a melt. In particular, magnesium in the outer ash layer has been identified as preventing

alkali-silicate melt formation [109].

Agglomeration appears to proceed at any point during layer formation. Bed particles

collide, in some cases breaking the outer ash layer [120], and enable that formation of a
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K- or Ca-silicate neck conjoining bed particles [106, 110, 125]. Temperature-induced
sintering may occur, strengthening the agglomerate [106, 110, 111, 112]. With
sufficient accumulation of agglomerates, bed defluidization occurs.

Coating-induced Agglomeration Mechanism - SiO,-based Bed Material

Biomass ash

et
[

“K-rich” system | I

Ca diffusion
_| Quter ash layer

K-silicate melt layer

T “K-lean” system Iy \ -._IOuter ash layer
# ‘ / /" Bed -,‘I \ -,|

Inweard chemical attack P .

Bed Particle K (fuel ash) + 5i0s (bed A \ / /' /Inner Ca-rich layer
material) g
Biomass ash / P
@ 8 Coated bed [
bt N particles collide "~/ ( )] (
| Bed | N
\ Particle | L4
Coating layer K-sificate or Ca-silicate Continued growth of
formation neck formation agglomerate, with potential
for sintering under sufficient
temperature

Figure 2.6: Coating-induced agglomeration mechanism in a system with a SiO,-based bed material,
whereby agglomeration proceeds due to potassium presence within the fuel ash. Described within the text
of section 2.2.4.1.

2.2.4.2 Melt-induced Agglomeration (Figure 2.7)

The central idea of melt-induced agglomeration is the collision of molten ash particles
with bed particles, where the molten ash particles act as a viscous glue [110, 121, 125].
Scala & Chirone [121] suggest that burning char particles create a localised hotspot that
further enhances the adhesive potential of this “viscous glue”. The resultant
agglomerates are characterized by displaying a more severe melting and agglomeration

than traditional coating-induced agglomerates [125].

A notable variant to melt-induced agglomeration is when molten char particles act as a
platform for agglomerates to grow, as was first described by Lin, et al. [124].
Combusting char fragments have elevated temperatures in comparison to the bed

average, and become almost completely molten at around 900°C. In collisions with bed
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particles, the bed particles adhere to the char fragment and the viscous alkali-silicate
melt on its surface. This coats the bed particles and propagates further adhesion of bed
particles. Eventually, the char fragment fully combusts, typically leaving an
agglomerate with a hollow centre in the shape of the initial fuel fragment. The
agglomerate retaining the shape of the fuel particle may be due to the ash skeleton of
the fuel particle that remains after combustion of the fuel pellet, a topic discussed in the
work of Chirone, et al. [128] (further discussed in section 2.3.6.3). Aside from
observations of this phenomena, little detailed work has been performed into how or

why it arises, or how to prevent it.

Melt-induced Agglomeration Mechanism
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Figure 2.7: Melt-induced agglomeration mechanism, as described within the text of section 2.2.4.2.

The elevated temperature during char combustion would allow for sintering of the
agglomerate, strengthening it. Gatternig & Karl [120] extended this theory, stating that
less dense fuels, e.g. straws, were observed to “float” on top of the fluidized bed whilst
combusting, as opposed to being submerged within the bed, and were more exposed to
higher temperatures of the above-bed region that result from volatiles combustion.
Moreover, Olofsson, et al. [91] observed temperature hot-spots whilst utilizing less

dense fuels, perhaps also due to this “floating” behaviour.
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2243 Recommendations for Further Work

Agglomeration mechanisms when using non-SiO; based bed materials have not
received a great deal of investigation. Both Nuutinen, et al. [109] and Grimm, et al.
[114] used Mg-based materials (the former a proprietary material, the latter olivine).
Despite these materials not being silica based, layer formation still occurred. Further
work may clarify the exact mechanisms under which layer growth is occurring for non-

SiO; based bed materials.

Use of chemical equilibria modelling software such as FactSage has received increased
attention in recent years due to improvements in the accuracy and quality of
thermochemical databases. The work of He, et al. [122] resulted in a relatively accurate
model of coating layer growth in a silica sand and wood fuel scenario. However,
intermediate variances and fluctuations in growth rates weren’t fully captured by the
model, presenting an opportunity for future improvement. A more comprehensive
model of coating growth rate would allow for optimisation of bed replenishment in
industrial facilities and allow for minimisation of agglomeration risk through prediction
of the coating distribution across the bed inventory. Beyond this, similar coating growth
and ash melt models would be of use for different fuels and alternative bed materials,

again with the intention of informing agglomeration risk at the industrial scale.

Related to this would be investigations into bed scale variances in coating composition
and the relative frequency and distribution of coated bed particles across the bed. If
certain zones are found to be particularly problematic with regards to enabling

agglomeration, targeted control and prevention methods may be possible.

Melt-induced agglomeration proceeds with sufficient silica and alkali metal content in
the fuel ash. However, it appears there has been no work to find a point at which the
more severe melt-induced agglomeration becomes the dominant form of agglomeration
within the bed, due to fuel ash composition. Such a value would help further inform fuel
selection and fuel blending trials. Related is a more general, secondary area for work, on
transition points and relationships between melt-induced and coating-induced
agglomeration occurrence. There have also been few detailed studies into the
occurrence of fuel particle shaped agglomerates, aside from noting their occurrence in

agglomeration studies.
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2.3 Effect of Operational VVariables on Agglomeration
2.3.1 Temperature

The effects of temperature on agglomeration have been extensively researched within
the literature. The general trend exhibited is that with increases in temperature, there is
an increase in the severity of agglomeration because of the increased presence of liquid
melt phases. Ultimately, this leads to a reduction in the defluidization time, tqer [124,
129, 130], as shown in Figure 2.8. The elevated temperatures increase the melt fraction
within the ash and decrease the viscosity of the melt [124]. This results in a more
abundant and more mobile melt, leading to more severe agglomeration. The
temperatures at which FBC beds operate (800-900°C) are within the range at which
alkali silicate eutectics form melts. Furthermore, the modelling efforts of He, et al. [122]
highlighted that increases in temperature of 50°C may lead to a 2-3x increase in coating
layer growth rate. This elevated growth rate would make it easier for neck formation
between coated particles during collisions, due to the availability of a larger melt layer,

thus worsening agglomeration.
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Figure 2.8: Variations in defluidization time with temperature for several fuels. Data collated from the
work of Lin, et al. [124], Scala & Chirone [129], and Yu, et al. [130].

It is also important to consider that at plant scale, the end goal of combusting biomass is

often to raise steam. Lowering combustion temperatures will limit the conditions of the
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steam that can be raised, having large impacts downstream of the boiler, such as on
turbine efficiency [72]. Therefore, bed temperatures are likely to be constrained by

steam requirements.

2.3.2 Pressure

Most literature on agglomeration when using biomass utilises atmospheric FBC
(AFBC) units. However, PFBC units have been seen to experience similar
agglomeration phenomena to AFBC units. The work of Olofsson, et al. [91] utilised a
PFBC unit, showing similar phenomena to later work by others who used AFBC
equipment. Recent work by Zhou, et al. [131] examined agglomeration during
pressurised fluidized bed gasification of biomass, which appeared to exhibit similar
coating-induced phenomena to what would be experienced during AFBC of biomass.
However, some caution should be taken when drawing comparisons between AFBC and
PFBC agglomeration mechanisms, as whilst the result may be the same, the pathway

there may differ.

2.3.3 Fluidizing Gas Velocity

The fluidizing gas velocity, U, has an important role to play in determining the
fluidization regime in any FBC system [9, 12]. Over the years, several researchers have
looked at the effect of varying U, or the ratio U/Ums known as the fluidization number,
on agglomeration and defluidization.

Lin, et al. [124] doubled U whilst maintaining the same combustion conditions through
use of N.. This increased defluidization time by up to 30%. Chaivatamaset, et al. [132]
found that increases to U of 28% and 60%, led to average increases of defluidization
time for two different fuels of 56% and 95% respectively. Lin, et al. [133] recorded
increases in defluidization time with successive increments in U, across four types of
particle size distribution (narrow, Gaussian, binary, flat). Yu, et al. [130] observed
reduced agglomeration by increasing U/Ums by a factor of 1.6, noting that agglomerates
no longer presented themselves as larger clumps, but as a few bed particles attached to

an ash fragment.

It is clear then that increases in U or U/Ums will cause an increase in defluidization time.
With increases to U, bed particles gain momentum thus are more likely to overcome
adhesive forces during collisions with coated bed particles and molten ash particles

[124, 133]. Furthermore, higher U values would lead to more vigorous bed mixing. This
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would reduce the chance of certain areas experiencing poor fluidization which would
otherwise allow for the formation of temperature hotspots; a behaviour suspected to

propagate agglomeration.

2.3.4 Gas Distribution Uniformity

An aspect that has received little direct investigation is that of fluidizing gas distribution
uniformity on agglomeration. Bubbles will form at the bottom of the fluidized bed as
gas is released from the gas distribution plate. These bubbles will coalesce into larger
ones as they rise through the bed [9]. This bubble movement drives fluidization, heat
transfer, and bed mixing [134], thus if impaired may have significant effects on

operation.

Oka [135] suggests that with damaged bubble caps, thermal diffusivity across the bed
would be reduced and the bed hydrodynamics would be altered. This would create
regions of high and low turbulence, and lead to temperature gradients across the bed
that may assist or accelerate the formation of agglomerates. Kuo, et al. [136] trialled a
fixed grate furnace with a wood fuel and gave a comparison between sidewall air
injection and under-grate air injection. They noted that changing the air distributor
configuration had significant effects on flame coverage and led to higher and lower
temperature regions within the furnace. These regions of elevated temperature could
increase the rate of agglomerate formation (see section 2.3.1). Lin, et al. [133] found
that a temporary burst of high velocity air was sufficient to break apart in-situ
agglomerates and postpone a defluidization event. This could imply that a region of

higher turbulence in the bed may be beneficial for minimizing agglomerate formation.

The work of Chilton [137, pp. 225-291] tested the effects of non-uniform air
distribution when using five different biomasses in a 200kWw FBC unit. A uniform air
distributor with 30 evenly spaced bubble caps was compared against with one that had
18 slightly larger bubble caps plus an ash chute occupying one corner of the distributor.
The ash chute had an air gap around it, allowing for air leakage and further non-
uniformity. Use of the non-uniform plate created greater variations in temperatures
across the bed and freeboard, and greater variations to emissions. Data on defluidization
times was less conclusive. Peanuts and straw experienced reductions in defluidization
time of 10% and 40% respectively with the non-uniform air distribution plate, whilst

oats experienced an increase of 181% and miscanthus an increase of 73%. Whilst this
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does not provide a conclusive result on the effects of gas distribution uniformity on
agglomeration, it does indicate that differences in distribution plate design, and the
effects of bubble cap or fluidizing air distributor failures or leaks, can be significant on
defluidization times. It also shows that it is an area where future work may be useful,
albeit challenging to execute, particularly for full-scale installations which may

experience localized air distribution grid issues.

2.35 Static Bed Height

Lin & Wey [127] examined the effects of static bed height on defluidization time during
FBC of waste. Increases in the bed height to diameter ratio (hpeda/dbed), produced a non-
linear decline in defluidization time (Figure 2.9). The explanation cited was reduced
vertical mixing with increasing bed height, allowing for agglomeration to proceed more
easily upon release of alkali-metals from ash. However, a reasoning was not proposed
for the rate of this decline, particularly from 2.0hped/dbed and 2.3hped/dbed. This is perhaps
indicative of some larger change in the bed dynamics when moving between these two
bed heights, thus allowing for defluidization to occur much sooner. However, this was
not explored further. Moreover, the timescales of defluidization time are all below 15
minutes, meaning that smaller irregularities e.g. in fuel feeding, may have a large

proportional impact on the results.

Chaivatamaset, et al. [132] examined the effect of static bed height on defluidization
time, and observed behaviours that were opposite to those noted by Lin & Wey [127]
(Figure 2.9). Doubling hyeg Whilst maintaining the same fluidizing gas velocity,
temperature and bed particle size resulted in increases in defluidization time of between
5-55%, dependent upon the fuel and fluidizing velocity. Corncob typically showed
greater percentage increases than Palm Shell in response to increases in static bed
height. No further comparison was performed between agglomerates from the two

different static bed heights examined.

It may be of interest to further examine the effects of static bed height on
agglomeration, defluidization time, and determining any relationships that may exist. A
larger static bed height is known to allow the coalescence of bubbles to larger sizes and
causes increased turbulence at the top of the bed [138]. This behaviour may also
influence that seen through the observations of Gatternig & Karl [120], who noted that

low density fuel pellets floating on the bed surface caused severe melt-induced
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agglomeration. Therefore, the effects of bubble size and behaviour at the bed surface on

agglomeration may be worthy of investigation.
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Figure 2.9: Graph showing the effect of changing the bed height-to-diameter ratio, hped/dped, ON the
defluidization time, ter. Data from the work of (a) Chaivatamaset, et al. [132] and (b) Lin & Wey [127].

2.3.6 Fuel

2.3.6.1

Fuel Type

The effects of different fuels on agglomeration have been extensively researched. As

noted in the introduction, fuel and ash composition can vary massively across different

biomass fuels [42, 44]. As illustrated in section 2.2, the presence of alkali metals and

alkaline earth metals within fuel ash is a key contributing factor to agglomeration

severity. Therefore, both the quantity of ash for a given fuel and the relative amounts of

key ash components for melt formation (e.g. potassium) can have a significant impact

on agglomeration severity. Likewise, the variability of biomass fuel composition is
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apparent even within a singular fuel type as noted in Chapter 1 section 1.4. For
example, the composition of a wheat straw and its ash can vary by source, harvest
region or rainfall during the harvest season [139], further complicating the use of such

fuels and the evaluation of their agglomeration severity.

The agglomeration issues with specific fuels have been discussed in detail across
section 2.2 in conjunction with their agglomeration mechanisms. Wood fuels are widely
used in industry, and their agglomeration behaviours have been studied in extensive
detail; for example, in the works of He, et al. [119, 122] and others. Virgin wood fuels
are typically considered to be some of the best available, due to their lower ash contents,
with agglomeration mostly occurring via a coating-induced mechanism. Skrifvars, et al.
[102], Ohman, et al. [106], and Brus, et al. [111], have looked at fuels across a variety
of different biomass categories, such as woods, grasses (e.g. reed canary grass), straws,
and other agricultural wastes. The typical observation across these works and others is
that fuels with higher amounts of alkali metals within their ash will agglomerate more
quickly, and at lower temperatures, usually via a melt-induced agglomeration
mechanism. Straws are a fuel that have been particularly noted for their rapid and severe
agglomeration, due to their combination of high ash content and high alkali metal
content, in the works of Lin, et al. [124] and Yu, et al. [130]. As a general comment,
fuels with a combination of high silica content and high alkali content, such as straws,
seem predisposed to agglomerating via melt-induced agglomeration, as the fuel ash
itself has the necessary material to create an alkali silicate melt. In industrial and plant-
scale settings, woody fuels have emerged as the preferred fuel type for FBC of biomass,
due to their less severe agglomeration tendencies [72].

2.3.6.2 Co-firing

Co-firing of biomass fuel blends may be performed due to economic and operational
needs, for example balancing usage of a better quality, more expensive fuel with a
poorer quality, cheaper one [72, 84, 140]. There is a sizable body of research available
on co-firing of coal-biomass blends, as is evident from the reviews by Sami, et al. [141],
Agbor, et al. [142], and Sahu, et al. [143]. There is also continued research interest in
this area [144, 145, 146, 147]. However, there are fewer systematic studies available on
biomass fuel blends and the effects of altering blend ratios. Hupa [140] notes that there
was an increasing number of FBC boilers employing co-firing in the 2001-2002 period,
some of which using biomass-only fuel blends, and this amount would likely have only
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increased with time as there are more FBC units online thus greater competition for
biomass fuels. A more recent review on biomass combustion and ash behaviours by

Hupa [70] again notes the lack of knowledge surrounding co-firing of biomass blends.

1400
—&— Salour, et al. (1993) Fuel 1 - Wood, Fuel 2 - Rice Straw
—e— Link, et al. (2018) Fuel 1 - Wood, Fuel 2 - Wheat Straw
—A— Link, et al. (2018) Fuel 1 - Fir Wood, Fuel 2 - Wheat Straw
1300 —w— Link, et al. (2018) Fuel 1 - Reed, Fuel 2 - Wheat Straw
A
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Figure 2.10: Variations in initial deformation temperature (IDT) for several different biomass-biomass
fuel blends. Data from the work of Salour, et al. [148] and Link, et al. [149].

Salour, et al. [148] blended rice straw with wood, in order to control the severe
agglomeration ordinarily caused by rice straw. When combusted at a bed temperature at
or below 800°C, blends of up to 50% rice straw were acceptable. Beyond this,
defluidization time decreased with increasing rice straw fraction. Salour, et al. [148]
also measured key ash fusion temperatures such as the initial deformation temperature
(IDT). These were found to be non-linear in behaviour. Figure 2.10 provides an
example of this behaviour with the IDT, as well the recent work of Link, et al. [149]
who saw similar complex non-linear behaviours with three different biomass blends. It
can be seen in Figure 2.10 that between the four fuel blends tested in the works of
Salour, et al. [148] and Link, et al. [149], there are significant differences in IDT trends
with fuel blend ratio. For example, the wood-wheat straw blend tested by Link, et al.
[149] almost plateaus between 40 and 80% wheat straw, whilst the fir wood-wheat
straw blend gives a relatively constant decline in IDT with increasing wheat straw
fraction. The wood-rice straw blend tested by Salour, et al. [148] shows a significant
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decline in IDT, reaching a minimum at between 65% and 75% rice straw, before the
IDT increases by around 20°C as rice straw is increased to 100% of the fuel blend.
These substantial differences in ash behaviours when blending biomass fuels illustrates

the need for further work in this area.

Davidsson, et al. [84] examined the effects of biomass co-firing in a 12MW CFB with
a mixture of 86% wood and 14% straw pellets on an energy basis. This produced a high
level of alkali deposits compared to their coal-based tests, a result of alkali metal
content in the straw. Concentrations of KCI in the flue gas rose from around 3-4ppm
with wood pellets to 20ppm with the 14% straw blend.

Thy, et al. [150] investigated the agglomeration behaviour of a blend of wood with
between 2.6-25.0wt.% rice straw. They found a strong positive correlation between
increasing amount of straw and severity of agglomeration, with blends of 2.6wt.% rice
straw producing mild agglomeration whilst those of 9.6% and above resulted in
defluidization and large plugs of agglomerates being extracted. A visual estimation of
the proportion of the bed that suffered from agglomeration produced an exponential

relationship between percentage agglomerated and percentage rice straw content.

Elled, et al. [151] explored usage of a wood-straw fuel blend. A two-layer coating was
formed on bed particles, the inner layer dominated by potassium silicates, whilst the
outer layer comprised primarily of calcium silicates. Whilst these results broadly align

with what is typically seen in a single fuel system, a closer comparison was not drawn.

Skoglund, et al. [152] co-fired a mixture of 90wt.% wheat straw with 10wt.% municipal
sewage sludge, a fuel comprising of over 40wt.% ash, with large amounts of calcium,
iron and aluminium. The addition of the sewage sludge increased initial defluidization
temperatures by 200°C in comparison to use of wheat straw only. Agglomeration
mechanisms also shifted more towards discontinuous ash deposits and necks on bed
material, with less evidence of coating layers and reaction with the bed material than
was seen when using wheat straw alone. It was suggested that this was due to the
calcium, aluminium and sulphur in the municipal sludge having a beneficial effect on

alkali capture similar to how an additive might behave (discussed in section 2.3.10).

Silvennoinen & Hedman [153] examined the effects of co-firing wood biomass with up
to 30wt.% sunflower seed hull pellets or oat seeds in a 75SMW+, commercial BFB.

During their experimentation, no agglomeration was detected, a result of an intentional
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reduction of temperature to 750°C which would bring the system to just above the

melting point of potassium-silicate eutectics (742°C).

Becidan, et al. [154] modelled the effects of a binary system consisting of straw with
either peat or sewage sludge on alkali chloride formation; a key driver of corrosion [80,
81]. Non-linear relationships were exhibited with increasing weight percentages of peat
or sewage sludge, and the mechanisms and elements affecting formation and
decomposition of alkali chlorides changed with fuel blend ratios. This further highlights

the complexities of using biomass fuel blends.

The study of biomass ash fusion temperatures performed in the work of Vassilev, et al.
[46] resulted in a mapping of biomass ash categories by composition and their typical
initial deformation and hemispherical ash fusion temperatures. This could be used to
provide a qualitative indication of expected agglomeration issues for different dual-
biomass fuel blends. However, ash fusion tests cannot provide a quantitative indication
of at what temperature agglomeration becomes an issue, as seen in the work of
Skrifvars, et al. [103]. Further, this data would not account for the potential interactions

of the two ashes with each other, or interactions with the bed material.

2.3.6.3 Fuel Particle Size

Lin, et al. [124] performed an experimental run with smashed straw pellets of particle
size <1lmm, to compare against straw pellets of sizes 1-10mm but did not find a notable
change in defluidization time. The work of Yu, et al. [130] looked at the effect of straw
fuel size, with a comparison of small straw bales against milled straw powder, in a lab-
scale BFB. Use of the powder allowed for a total fuel feeding of 2819, as opposed to
110g for the bales, prior to defluidization. However, the low density of straw powder
may allow for it to be easily entrained within the flue gas. An analysis of the amount of
unburnt carbon within the fly ash was not provided, nor an analysis of the potassium
retained within the bed at the end of the run. Therefore, it cannot be stated if this
elevated level of fuel feeding before defluidization is simply due to fuel becoming

entrained within the flue gas.

Burton & Wei [155] looked at the effect of fuel particle size in the context of fluidized
bed pyrolysis. A relation between biomass fuel particle size and ‘sand loading” was
drawn; this latter term being defined as the mass of bed sand adhered to fuel particles

normalised against the total mass of fuel fed. Sand loading increased with fuel particle
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size up to 430um, and then decreased until reaching a plateau at around 1500um. This
was suggested as being due to transfer of the sticky alkali coating within the fuel
particle being convection controlled to a particle size of 430um, and diffusion

controlled at larger sizes.

Also related are the combustion profiles of a fuel. Chirone, et al. [128] performed a
comprehensive investigation into combustion profiles and characteristics of three
pelletized fuels: wood, straw, and sludge. Fuels underwent several repetitions of a
combustion-quenching process, to examine the condition and structure of fuel pellets at
successive times. With sludge a “shrinking core” pattern was seen, where the initial size
of the pellet was preserved with an ash skeleton that remained after burn-off of the
carbon. Wood followed a “shrinking particle” pattern, whereby the pellet slowly shrank
and fragmented over time. Straw took a pathway almost between these two. Shrinkage
of the pellet was observed, but an ash skeleton did remain, and this ash skeleton had bed
sand adhered to it. This ash skeleton supports the melt-induced agglomeration
observations of Lin, et al. [124] and Chirone, et al. [125] whereby an agglomerate is

formed in the shaped of a fuel particle (section 2.2.3).

2.3.6.4 Fuel Moisture

Fuel moisture has not been investigated in relation to agglomeration behaviour in the
literature. This may be of interest due to the high relative moisture content of biomass
fuels, e.g. wood has been reported as having a moisture content of 40-70% [82]. This
moisture content affects parameters such as the fuel heating value, bed temperatures,
and flue gas composition during combustion [42, 82]. Higher moisture content
negatively affects the overall boiler efficiency, as additional heat energy is used on the
fuel drying phase of combustion, and larger variations in moisture content will affect
combustion control [156]. However, it is known that water will leach out soluble
fractions alkali metals and alkaline earth metals responsible for agglomeration problems
[44], thus there is some benefit in the fuel initially being exposed to a higher moisture

content.

2.3.6.5 Fuel Feeding Rate

Fuel feeding rate has not been directly investigated as a factor, largely because a higher
fuel feeding rate for a FBC unit would imply a higher thermal rating. Therefore, higher

temperatures will naturally result if other operating conditions remain constant, the
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effects of which are described in section 2.3.1. Moreover, it will of course provide more

fuel ash to drive agglomeration and other ash issues.

2.3.7 Bed Material

As is evident throughout section 2.2, a common denominator for agglomeration is the
presence of large quantities of silica within the bed material. Thus, research has been
ongoing for alternative bed materials. A selection of these results are summarised in
Table 2.3.

Substituting SiO2-based sands for materials dominant in Mg, Al or Ca has a proven
positive effect on reducing agglomeration, as doing so reduces or eliminates the
availability of silicon for agglomeration. The exception is for fuels that contain
sufficient amounts of Si to drive the formation of alkali-silicate melts themselves, such
as straw, as seen in several works [84, 114, 130]. Use of different bed materials does

still have some positive effect on lengthening defluidization time in these cases though.

More recently, Knutsson, et al. [157] investigated the potential of mixing bed materials
to balance performance and economic aspects, an idea little explored in the literature.
Varying mixtures of one to all of silica sand, bauxite (Al,Oz), K2CO3, and CaCOs, were
thermodynamically modelled and tested experimentally. The presence of bauxite with
silica sand or K2CO3s weakened agglomeration tendency over silica sand alone, as did
blends with CaCOs, which had a stronger effect on reducing agglomeration tendency.
Knutsson, et al. [157] state that calcium forms a barrier preventing further diffusion of
potassium into silicate melts. This appears to be an exploitation of the protective
capabilities of calcium described by He, et al. [119], by forming a calcium-silicate
protective layer faster than one would otherwise arise during the natural progression of

coating-induced agglomeration.

Corcoran, et al. [158] trialled a blend of quartz sand with up to 40wt.% ilmenite
(FeTiOs3) when combusting wood. It was found that a very thin layer of potassium from
fuel ash would initially form on the ilmenite, and this would disappear as the potassium
diffused into the bed particle, thus removing its availability for driving agglomeration.
Iron was found to migrate outwards to the surface of the ilmenite bed particle, and
calcium from fuel as was observed to form a layer on the surface of the ilmenite
particle. This calcium layering may have prevented further diffusion of potassium

inwards, similar to the calcium observations of Knutsson, et al. [157] and He, et al.
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[119]. These agglomeration behaviours were again confirmed in a subsequent paper by
the group, with further detailed agglomerate analysis of samples with longer exposure
times [159]. Recently, energy supplier E.ON has begun using an ilmenite-based bed
material named “Improbed” in several of their FBC units [160]. Similarly, researchers
at the CANMET Energy laboratory are actively studying the use of ilmenite as a bed
material option in pressurized fluidized bed combustion and chemical looping
combustion [161].
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Table 2.3: Table summarising the effect of varying bed material on agglomeration. Results taken from the

literature as noted.
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2.3.8 Bed Material Particle Size

Figure 2.11 provides graphs of the effect of changing average bed particle size (dp) on
defluidization time from four separate works. The trend exhibited is that with an
increase in bed particle size, there is a reduction in defluidization time. Some notes on

these graphs are as follows:

e Lin, etal. [124] maintained a constant temperature and superficial gas velocity,
U, between the two d, values. They suggested that poorer mixing due to the
smaller U/Um¢ ratio for the larger particles led to a lower defluidization time.

e Chaivatamaset, et al. [132] also maintained a constant fluidizing gas velocity
across the bed particle sizes. Tests for all fuels at 900°C also showed decreases
in defluidization time with increases in dp.

e Yu,etal. [130] used a near constant U/Ums value for all three particle sizes, as
opposed to maintaining a constant U value as Lin, et al. [124] and
Chaivatamaset, et al. [132] did. However, Yu, et al. [130] also hand fed bundles
of straw every 20 seconds as fuel. This non-continuous fuel feeding method
have affected results somewhat.

e Lin & Wey [127] combusted municipal solid waste (MSW) within a fluidized
bed, a fuel with similar agglomeration characterisations to biomass due to its
high Na content. They note that sand particles up to 770um acted as a Geldart
Group B powder, whilst the 920um sand acted as a Group D powder. This
change in Geldart classification is accompanied by a sharp decline in

defluidization time.

The distinction between the Geldart particle classifications by Lin & Wey [127] is
perhaps an important one: particles in Group B favour bubbling behaviour at Ums, whilst
Group D will spout as they more readily form large bubbles [9, 162]. This raises the
question of the potential impact of different Geldart particle classifications on
agglomeration during FBC of biomass, and if a wider study may reveal relationships
between particle size, Geldart particle classification, and agglomeration. For example,
perhaps the bubbling behaviour of Group B acts to minimize the formation of potential
agglomerates by improved bed mixing, whereas Group D materials may allow for bed
material to end up grouped together, promoting temperature non-uniformities and

agglomerate formation.
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Scala & Chirone [129] reported a different trend for increases in dp (Table 2.4).

Increases in dp by a factor of 2-3 led to an approximate doubling of defluidization time

for all fuels and scenarios. In the pine seed shells data, fuel feed rate was reduced to

increase amounts of excess air which may explain increases in defluidization time.

However, this was not the case for the virgin olive husk fuel, which exhibited the same

trend. The reasoning for this put forth by Scala & Chirone [129] was that large particles

will participate in more energetic collisions, making it harder for adhesive forces to

mitigate these and cause adhesion between the particles.
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Figure 2.11: Graphs showing the effect of changing average bed particle size on defluidization time, tger.
Based on the works of Lin, et al. [124], Lin & Wey [127], Chaivatamaset, et al. [132], and Yu, et al.

[130].
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Table 2.4: Summary of the effects of bed particle diameter variations on defluidization time from the
work of Scala & Chirone [129], using a quartz sand bed.

Fuel Temperature Fluidizing Excess Air dp (um) tder (MINS)
(°C) Gas Velocity (%)
(m/s)

Virgin Olive 850 0.61 77 212-400 197

Husk

Virgin Olive 850 0.61 76 600-850 348

Husk

Pine Seed Shells 850 0.55 35 212-400 320

Pine Seed Shells 850 0.50 75 212-400 388

Pine Seed Shells 850 0.54 58 600-850 702

Lin, et al. [133] performed a comprehensive study on the effects of different dp
distributions of sand on defluidization time, albeit for MSW as opposed to biomass.

Four dp distributions were selected:

e A narrow distribution of d, between 590-840um
e A Gaussian distribution where d, ranged between 350-1190um

e A binary distribution where 59% of bed mass was 840-1000um, whilst the
remainder was 500-590um

e A flat distribution, ranging between 350-1190um
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Figure 2.12: Chart showing the effect of particle size distribution on defluidization time for operating
temperatures of 700°C, 800°C, and 900°C, when combusting municipal solid waste on a fluidized bed.
Data from the work of Lin, et al. [133].
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Perhaps the most interesting result arose by varying operating temperature from 700°C,
to 800°C and then to 900°C, shown in Figure 2.12. The narrow and Gaussian
distributions both showed noticeably larger values of defluidization time at 700°C and
800°C than the binary and flat distributions, upwards of 20% greater. At 900°C
however, there was almost no difference in defluidization time between the
distributions, perhaps indicating severe ash melting due to the temperature. Similar
results were obtained when varying fluidizing gas velocity and the Na concentration
within the bed.

The work of Lin, et al. [133] indicates the potential importance of particle size
distribution. The narrow distribution displayed some sizable increases in defluidization
time over the other distributions at moderate temperatures and sodium contents, a
behaviour displayed to a lesser extent by the Gaussian distribution. This would imply
that once an optimal particle size has been determined, the distribution used should be
as tight as possible around this size, as presumably oversized fractions may act to drive
agglomeration (as larger particle sizes were a negative in the work of others [124, 130,
132]). However, different distributions of smaller particles were not examined in this
work, and these were seen to produce longer defluidization time times in the work of
others [124, 130, 132]. Therefore, further work into finding the optimal particle size
distribution, in parallel to determining the optimal particle size, may be worthy of

investigation.

2.3.9 Bed Spatial Location

As noted in section 2.2.2 in the discussion of the work of Ohman, et al. [112], there may
be the potential for different spatial zones of the bed to experiences different levels of
agglomeration severity. This may be a factor of gas distribution uniformity and mixing
patterns (section 2.3.4), or due to large bed areas with fuel only fed to one or few
locations in/on the bed. This is particularly applicable to commercial boilers, where bed
cross-sectional areas can be upwards of tens of metres squared [21, p. 236], allowing the
potential for variations in bed mixing patterns. The only available work to the authors’
knowledge that covers the topic of spatial variances in agglomeration is that of Duan, et
al. [163], who sampled agglomerates from three distinct bed vertical height strata in a
lab-scale FBC unit. The potassium concentration of bed material and agglomerates from
each vertical stratum was analysed with inductively coupled plasma mass spectrometry
(ICP-MS), and it was observed that sampled from the upper vertical strata (bed surface,
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onto which fuel was fed) had upwards of 3x as much potassium as samples from the
two lower vertical strata. This is strongly indicative that there is variation in quantities
of components key to agglomeration throughout the bed, though other important
elements (such as sodium, phosphorous, calcium, etc.) were not analysed, nor was there
analysis of agglomerate structures or mechanisms at these different locations. This does
once again indicate that bed scale variances in agglomeration behaviour would be on

interest.

2.3.10 Additives

The use of additives to minimize or eliminate agglomeration has been a key area of
research. Wang, et al. [164] provide a short review on additive usage during biomass
combustion to mitigate ash challenges both within the bed and those further up the

boiler, such as fouling and corrosion.

The work of Steenari & Lindqvist [165] identified kaolin and dolomite as increasing the
ash melting temperature for straw ash, with the former having a greater effect. Ohman
& Nordin [166] trialled kaolin, comprising primarily of kaolinite (Al>Si2Os(OH)4) with
some Halloysite (Al2Si>Os(0OH)4(H20))2). An additive dosage equal to 10wt.% of the
quartz sand bed was used, with bark and wheat straw as fuel. For wheat straw the
agglomeration temperature, Taggl, increased from 739°C to 886°C, whilst for bark it
increased from 988°C to 1000°C. The kaolin used had transformed into meta-kaolinite

and absorbed potassium, thus denying potassium for agglomeration.

Olofsson, et al. [91] experimented with the addition of mullite, calcite, clay, and a clay-
calcite mixture, each 10wt.% of the bed, for different bed materials and fuels. Mullite
was found to largely mitigate agglomeration, clay worsened agglomeration due to its
potassium content of 1.28wt.%, whilst calcite was present in agglomerates but had a
somewhat positive effect on reducing agglomeration severity.

Davidsson, et al. [84] trialled several additives in a 12MW¢, CFB for the combustion of
a blend of wood pellets and straw pellets on a quartz sand bed. When using kaolin as an
additive, Tagg Of cyclone ash samples were over 100°C above those of samples where
kaolin was not used. A molar ratio of kaolin to alkali of 0.85 was sufficient to maintain
a Taggl > 1100°C. The effects of ammonium sulphate and sulphur were also monitored.
These additives are typically used for corrosion control [80, 81]. In theory, these would

convert gaseous KCI into K-sulphates, and favour the release of potassium into the
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gaseous form. Ammonium sulphate gave a small increase in Tagg 0f around 50°C,

whilst sulphur had no such effect.

Vamvuka, et al. [167] tested kaolinite (Al-Si2Os(OH)a), clinoclore
((Mg,Al,Fe)s[(Si,Al)4010](OH)g) and ankerite (Ca(Mg,Fe,Mn)(COs).) for the
combustion of olive kernel and olive tree wood on a Na-feldspar bed. The authors state
that this bed material was selected itself to reduce agglomeration, thus will affect the
apparent effectiveness of these additives. All three additives prevented agglomeration

during the tests, retaining alkali species within the bottom ash.

Zabetta, et al. [72] discuss the commercial experiences of Sumitomo SHI FW (formerly
Foster Wheeler) with additives. They too note that kaolin has been found to be the most
effective, but also list some alternatives used with their boilers such as bauxite,
emalthite, sillimanite, and diatomaceous earth. These materials are noted to contain one
or more of silicon-, aluminium- or iron-oxide which react with H,O to form HCI,
transferring the alkali to the mineral used and preventing the formation of KCI. Another
paper from the same group [168] details the success of using pulverized coal ash as an
additive to prevent agglomeration in a bench-scale and 1MW, pilot-scale CFB with
variety of biomass, including straws. This additive was seen to capture potassium in a
similar manner to kaolin, reacting to form potassium aluminosilicates. The benefit of
pulverized coal ash is that it is a cheaply available waste product, however it may vary
substantially in composition depending on source and original combustion technology,

and it was also noted that fine ash may lead to increased fouling issues.

Lin, et al. [169] investigated the addition of calcium and magnesium for incineration of
waste. Both reduced agglomeration tendency and increased defluidization time, when
the molar ratio of Na, which drove agglomeration in waste incineration, to Mg or Ca
was below 2. Above this ratio there was no inhibiting effect.

A recent study by Clery, et al. [170] into different biomass pellets dosed with an
aluminosilicate additive using flame emission spectroscopy has shown that the use of an
additive causes a retention of upwards of 60% of the potassium content of the biomass
in the bottom ash, as opposed to being released into the gas phase. Whilst this study was
performed outside the context of FBC, this does highlight the value of a better
fundamental understanding of chemistry changes when using additives, and how this

may affect both agglomeration and the propensity of other ash issues.
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The work of Chi, et al. [171] examines the use of 1.5wt.% lime addition to miscanthus
and wheat straw fuel pellets in a pilot-scale BFB, this dosage being selected to achieve a
K/Ca ratio of ~1. The addition of lime the pellets more than doubled defluidization
times, and prevented it entirely for 14 hours of operation for wheat straw, despite
average bed temperatures being higher than tests with regular pellets, at 900°C as
opposed to 820-880°C. This shows a significant benefit when the additive is embedded
within the fuel pellet, however this methodology would add cost to commercial units, as
pelletized fuels with an additive would be required, as opposed to use of chipped fuels
with an additive powder mixed into the bed material which are commonly used at

present [72].

To summarise, additives that are rich in Mg, Ca, or Al have a positive effect in reducing
agglomeration tendency, similar to use of alternative bed materials (section 2.3.7).
Kaolin has been widely successful with wood fuels. From the works of Lin, et al. [169]
and Chi, et al. [171], it would appear that additives may be particularly effective when
the ratio of the most problematic alkali metal, Na or K, to Ca or Mg is well below 2,
ideally ~1. Such a rule may also apply to aluminium-based additives such as kaolin
though would require experimentation to confirm. Additives generally retain alkali
species within the bottom ash, thus preventing it from contributing to fouling, slagging,
or corrosion. Agglomeration may still proceed for fuels that produce melt-induced
agglomeration, though additives still have a positive effect. It would be of interest to
investigate the effects of varying additive dosage, relative to the molar amount needed
for the fuel feed rate. This could help determine the relative technical benefits of under
and overdosing additives on both bed agglomeration and other downstream issues such

as slagging, fouling, and corrosion.

2.3.11 Coating Thickness & Bed Agglomerate Loading

The idea of a “critical coating thickness” and the effects of liquid layering on particles
in a fluidized bed is one that been discussed in the literature for many years. For
example, Seville & Clift [172] noted that the continuous addition of liquid layers to
fluidized particles of Geldart group B would cause them to transition to Geldart groups
A and C, as inter-particle forces are enhanced. A “critical coating thickness” would be
the point at which neck formation between ash-melt coated particles occurs and bed
agglomeration proceeds. Brus, et al. [173] performed an analysis of coating thickness
over time, taking samples from industrial scale FBC plants, and stated that the critical

58



Chapter 2: Literature Review

coating thickness is less than 10um. The recent work of He, et al. [119] provides a
systematic investigation into coating thickness over time for a lab-scale BFB, 30MW+
BFB, and 122MW4, CFB. An initial rapid growth of coating layers occurred over the
first several days in the full-scale units. This growth rate declined as diffusion of
calcium into the melt began and higher melting point calcium compounds formed.
However, there was no further discussion of a critical coating thickness. Others in the
literature have also mentioned the idea of a critical coating thickness with little other
discussion [109, 113, 121, 174].

Sevonius et al. [175, 176] have investigated the direct addition of different potassium
salts [175] and sodium salts [176] to an externally heated fluidized bed when using a
quartz sand bed material, to determine the amount of each alkali salt needed to
defluidize the bed and further explore agglomeration mechanisms. In the case of
potassium salts [175], only potassium carbonate reacted with bed material to form
potassium silicates, with potassium chlorides only melting to act as a glue, whereas
potassium sulphates were unreactive. Around 0.16wt.% (of bed mass) KCI or 1wt.%
K2CO3 were needed to cause bed caused defluidization. When using sodium salts [176],
around 0.1wt.% (of bed mass) NaCl or 0.6-1.0wt.% Na.COz were needed to cause bed
defluidization. A synthetic agglomeration test methodology has also been used by
Anicic, et al. [177] to investigate the behaviours of quartz sand with K,COs, who also
observed significant reaction between K>COs3 and the quartz sand bed material. It should
be noted that whilst these synthetic agglomeration tests are a useful idea for determining
the behaviour of one specific component with regards to agglomeration, such tests
would not give a complete picture of how the component under investigation behaves in
a real FBC environment and contributes to agglomeration. For example, they do not
account for factors such as fuel particle breakdown behaviour, bed hot-spots,

interactions with other ash components or additives, etc.

Related to coating thickness and the necessary amount of alkali metals to trigger
defluidization, is the idea of agglomerate loading within the bed, i.e. the quantity of
agglomerates needed to begin defluidization. Michel, et al. [178] studied this topic for
quartz sand, raw, ad calcined olivine when adding miscanthus ash to a heated bed. Fresh
bed material was of size range 400-500um, with the bed material sieved and measured
afterward and the fraction above 500pum deemed to be an “agglomerate”. An

“agglomeration ratio” was defined as:
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a

m
A(%)=?x100

Equation 2.2

Where m, is the mass of agglomerates in the bed (dp > 500pum) and m; is the initial mass
of the bed. For the three bed materials, it was found that an agglomeration ratio of 3%
was needed to cause defluidization. Whilst there does not appear to be other supporting
or corroborating literature for this at present, specific to the effect of biomass ash of a
fluidized bed, it may serve as a useful reference figure for operators and perhaps is a
viable topic for investigation with other biomass ashes as opposed to just miscanthus

ash.

2.3.12 Size & Scale of Fluidized Bed

For generating solutions to industrial problems at the lab- or pilot-scale, it is important
to understand the applicability of results and findings to full-scale FBC plants. Many
researchers have investigated agglomeration in full-scale plants and performed direct
comparisons to samples produced by lab- or pilot-scale facilities. Visser [110] looked at
agglomerates from both the lab-scale and the 80MW Cuijk FBC unit in the
Netherlands. The two operational differences between these setups were that the lab-
scale unit had fuel fed directly into the bed, whilst for Cuijk it was above-bed, and that
there was a constant bed renewal and replenishment cycle in effect at Cuijk. This
bottom ash removal and bed replenishment ability is a common agglomeration control
strategy within industry [72, 123]. However, it is also one not available to most lab- and
pilot-scale facilities. It is of note that variations to replenishment rate to determine the
effect on agglomeration is not something that appears to have been examined in the

literature, but equally would require a suitable lab- or pilot-scale facility.

Visser [110] concluded that lab-scale agglomeration testing provided a representative
view of the initial stages of plant-scale agglomeration. The constant replenishment of
sand at the Cuijk bio-energy plant was believed to be the cause of some of the
differences in the chemistry of outer coating layers, due to providing fresh material for
chemical reactions. Furthermore, samples at Cuijk had thicker coatings due to a longer

average residence time in the bed compared to the lab-scale agglomerate samples.

Others have also observed consistent results between lab- and full-scale facilities, be it

for topics such as agglomeration mechanisms, additives, or fuels, albeit with the same
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shortcomings such as those seen by Visser [110], e.g. thinner coatings due to shorter
residence times [108, 109, 119, 153].

One difference suggested by Chirone, et al. [125] is that a pilot-scale fluidized bed
provided a longer defluidization time compared to a lab-scale setup due to higher
inertial forces in the bed. A comparison between a pilot- and lab-scale unit resulted in a
defluidization time that was 3.6 times longer at pilot-scale and had a higher ash content
within the bed at time of defluidization (4wt.% versus 2wt.%). Chirone, et al. [125]
suggested an increase in inertial forces inside the bed when moving up in scale would
counteract the formation of weaker agglomerates that might otherwise cause a quicker
onset of defluidization. Therefore, at plant-scale higher inertial forces may also assist in

lengthening defluidization time.

2.3.13 Summary of Effects of Operational Variables

Table 2.5 summarises the effect of operational variables on agglomeration.

Increases in combustion temperature have a sizable effect on agglomeration, by
increasing the amount of alkali-silicate melt that is generated and making it less viscous.
Therefore, a lower temperature is desirable, insofar as it does not have too great of an
impact on the conditions of raised steam at full scale.

From the limited literature available on agglomeration in PFBC units, the final
agglomerates formed in PFBC units seem of similar composition and type to those that

would form in an AFBC.

Increases in the fluidizing gas velocity, U, have consistently produced longer values of

defluidization time in the literature. This appears to be a result of two factors:

e Better in-bed mixing preventing the formation of localized temperature hot spots
or bed dead-zones.
e Higher kinetic forces of bed particles that may overcome adhesive coating or

melt forces.

There is little research on the effects of static bed height, and what is available is not
conclusive. Work using a constant U value across several bed heights has produced an
increase and decrease in defluidization time with increasing bed height, indicating
perhaps the involvement of other factors. Additionally, increases in bed height allow for

coalescence of bubbles to larger sizes. Therefore, will be increased turbulence at the bed
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surface where the bubbles exit, which in turn may affect combustion behaviour of the

fuel particles and agglomeration behaviour.

Table 2.5: Table summarising the effect of various operational variables on reducing agglomeration
severity.

Effect on REDUCING Agglomeration Severity

Conflicting or No Effect Minor Major
Unknown
Increase/decrease Increase/decrease Decrease mean dp Decrease temperature
bed height pressure
Different particle size Increase U/Ups ratio
distribution (Gaussian,
narrow)
Decrease fuel particle Decrease fuel feed rate
size

Decrease alkali metal/alkali
metal + Si content of fuel
Use of Al/Mg/Ca-based
additives

Decrease bed material SiO»

content (use of Al/Mg/Ca-
based bed material)

Investigations into bed material particle size have generally shown that increasing dp,
even whilst maintaining a constant U/Um¢, leads to a reduction in defluidization time
thus worsened agglomeration. Variations of bed particle size distribution for larger bed
particles have shown that Gaussian and narrow distributions provide longer
defluidization time values, implying that once an optimal particle size has been found,
the particle size distribution should be tightly focused on it to avoid potential negative

effects of under- or over-sized particles.

Alternative bed materials that comprise primarily of aluminium-, calcium-, or
magnesium-oxides, as opposed to the SiO., have been shown to reduce or eliminate
agglomeration. A change of the bed material can increase the ash fusion temperature of
complexes forming, and in doing so reduce melt phases. The exception is where a fuel
is rich in both alkali metals and SiO>, such as straw, which will form a melt-induced
agglomerates with just its fuel ash contents. Related to the topic of bed material is that
of spatial location in the bed. From the few works available, there is some indication of
variation in key components for agglomeration through the bed, though it is not fully

explored.
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Similar to bed materials, aluminium-, calcium-, or magnesium-based additives have
been shown to be effective. Kaolin in particular has shown itself to be successful in
reducing or eliminating agglomeration several times within the literature. Both additives
and bed materials have been noted to have a large effect on emissions, particularly

chlorine, which can drive corrosion mechanisms.

Fuel has a large influence on agglomeration. Fuels with increasing amounts of alkali
metals such as potassium exhibit more severe agglomeration, typically melt-induced
agglomeration, and lower values of defluidization time. Co-firing of fuels is something
primarily explored in the context of coal-biomass or wood-straw mixtures within the
literature. A common trend for biomass blends is that relationships between blend ratios
and agglomeration factors such as melt temperatures are non-linear. Fuel particle size
has received some attention, with smaller particle sizes giving better combustion
efficiencies and longer values of defluidization time. This is perhaps due to combustion

taking place at higher regions of, or just above, the bed.

Coating thickness and critical values for triggering agglomeration are of general
interest. Growth rates are typically quicker at the start and then trail off due to diffusion
of Ca into the K-silicate melt, forming a Ca-silicate melt of higher melting point. Neck
formation between coated particles can occur at coating thicknesses less than 10um.
Investigations into the total agglomerate loading in a bed needed to trigger
defluidization suggest a value of 3% of the bed as agglomerates, though this was only

performed for miscanthus ash.

The applicability of lab- and pilot-scale results to full-scale facilities has been explored
within the literature. Mechanisms and behaviours generally map well to full-scale
facilities for the initial triggering of agglomeration. Over time, there is a divergence due
to replenishment of bed material in full-scale facilities, plus longer residence times,

leading to thicker coatings on bed particles.
2.3.13.1 Recommendations for Further Work

e Large bed heights allow for further coalescence of bubbles, leading to greater
turbulence at the surface of the bed, as well as enhanced combustion efficiencies
[21, 138]. Gatternig & Karl [120] observed that less dense fuel particles

“floated” on the surface of the bed, reaching higher temperatures, and
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exacerbating agglomeration issues, thus there may be interest in the effects of
bed height on agglomeration severity.

e Smaller particle sizes have generally been shown to lengthen defluidization
time, and certain particle size distributions (Gaussian, narrow) have been shown
to lengthen defluidization time albeit with larger average particle sizes.
Therefore, it would be of interest to trial different size distributions of a smaller
mean particle size, to see if similar findings are apparent, and if there may be an
optimum size range and size distribution.

e Several alternative bed materials and additives have been shown to mitigate or
prevent agglomeration in numerous studies, with some such as olivine (bed
material) and kaolin (additive) being used in industrial installations.
Investigatory work into new bed material and additives would always be
welcomed, but also more comprehensive studies into the effects of alternative
bed materials and additives on other phenomena driven by the alkali metal
content of biomass fuels, such as slagging, fouling and corrosion. Some
alternatives bed materials and additives have been observed to have large effects
on alkali chlorides and HCI, which drive corrosion within the boiler.

e Asnoted in section 2.2.4.3, variation in agglomeration on a spatial basis through
the bed may be of interest, with the limited work available providing some proof
that variation of potassium through the bed is a phenomenon and may therefore
affect localised agglomeration issues.

e There may be some interest in blending of bed materials, perhaps to balance
performance with cost, and investigating impact on the whole boiler system.

e There may also be some interest in trialling different dosage rates of additives
from under to overdosing relative to the molar amount needed for the given fuel
and investigating the cost and performance impact on the whole boiler system.

e Co-firing of biomass-biomass blends and the effect on agglomeration is
something that has received little work outside of wood-straw mixtures. From
current works, biomass ashes have exhibited complex, non-linear relationships
for properties such as initial ash deformation temperature. Work in this area
could aid in assessing the viability of such blends for larger scale FBC units.

e Studies into optimising bed replenishment rates may be of interest, as no work

on this area seems apparent in literature. However, this may be challenging from
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the perspective of finding a suitable and available test facility or full-scale unit

on which a study could be conducted.

2.4 Modelling of Biomass Chemistry

This section provides a brief overview of agglomeration modelling using the
thermochemical software package FactSage. Other agglomeration modelling and
prediction methods are discussed in the work of Morris, et al. [87], with an extensive
and comprehensive review into agglomeration prediction approaches given by Bartels,
et al. [75]. In addition, an introduction and brief review of the random forest machine
learning algorithm, as applied to the study of biomass fuels, is also given. Machine
learning techniques have received a significant amount of attention in recent years
across many contexts and may be a viable approach to gain new insight from large fuel

data sets from commercial biomass power stations.

24.1 FactSage

Use of the thermochemical modelling software package FactSage [179] has gained
popularity in recent years as a tool to predict slag formation and ash behaviours of fuels.
This is due to the advancement of computational power and the better breadth and
accuracy of thermochemical data sets [151, 180]. FactSage, like other thermochemical
modelling tools such as HSC Chemistry or MTDATA [181, 182], uses the CALPHAD
approach (CALculation of PHAse Diagrams) to Gibbs free energy minimization. The
work of Saunders and Miodownik [183] provides a comprehensive explanation of the
underlying theory behind Gibbs free energy minimization, the CALPHAD approach,

and the structure and development of software packages such as FactSage.

The Gibbs free energy (AG) is a measure of the ability of a reaction to spontaneously

proceed, and is defined through the following equation (at constant pressure):
AG = AH —TAS

Equation 2.3

Where AH is enthalpy, T is temperature and AS is entropy. This equation has its basis in
the second law of thermodynamics: total system entropy can never decrease and can
only increase towards a state of maximum entropy. For a chemical reaction to occur
spontaneously in the forward direction (to make products), the value of AG must be

negative, whereas for it to proceed spontaneously in the reverse direction (to make
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reactants) the value of AG must be positive. Chemical equilibrium, the point at which
AG = 0, is the point at which the system is at its maximum entropy and further
spontaneous reaction will not occur. Gibbs free energy minimization is an iterative
method to find the chemical equilibrium of a system (i.e. when AG = 0) for a given set
of chemical inputs and constraints (e.g. temperature, pressure, mass, mole fractions). It
is this mathematical approach that is fundamental to CALPHAD-type software
packages such as FactSage.

To perform Gibbs free energy minimization, the underlying Gibbs free energy of
compounds at different conditions must be determined [183, pp. 261-291]. This
generally involves experimentation to produce unary, binary, ternary and in some cases
quaternary system phase diagrams over variable temperature ranges (e.g. the K>0-SiO»
binary system). The better mapped each phase system is, and the more reliable the data,
the better the accuracy of any resultant calculation. Given experimental data, software
developers then optimize these chemical systems. This optimization process involves
taking the data and ensuring there is mathematical self-consistency to the result when
calculated through the software, in doing so often revealing systematic errors or
conflicting results. These optimized systems are then added to chemical databases,
which are groupings of similar sets of chemical data. For example, the FToxid database
in FactSage covers a range of metal-oxide systems. With this data, FactSage can then be
used to calculate key thermochemical data for an input system. For example, the solidus
which is the temperature at which a mixture is fully solid, the liquidus, the temperature
at which a mixture is fully liquid, or a eutectic point, at which the liquidus is equal to

the solidus for a given mixture.

Many binary, ternary or higher chemical systems do not have full sets of reliable phase
data, leading for the need for interpolation or extrapolation based on available data or
lower order systems. This can be fraught with inaccuracy and errors, though clearly it is
unfeasible to experimentally validate all binary, ternary, or higher systems. The present
approach is for developers to ensure sufficient data for key binary, ternary, and
occasionally guaternary systems. Key systems are those that have the biggest magnitude
impact on the Gibbs free energy of a multicomponent system, or those that are
otherwise are integral to understanding of the chemical behaviour of a system [183, pp.

312-313]. FactSage has seen more use for modelling of biomass ash melts over other
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thermochemical modelling software packages due to having better databases for

modelling ash melts and slags, notably FTSalt and FToxid [181].

When applying FactSage to biomass ash modelling, there are still important systems for
which there is insufficient or conflicting experimental data, rendering part of the
respective phase diagrams incomplete [181]. Consequently, this reduces the ability of
the software developers to accurately optimize these systems within FactSage, thus
affecting the accuracy of the end-users’ modelling activities. For example, it is known
that there is a lack of fundamental experimental data for K- and Ca-phosphate systems
[184], which is notable due to the high amount of phosphorous present in some
biomasses such as cereals [44], and the role of phosphorous of driving agglomeration in
phosphorous rich biomass fuels [185] as discussed in section 2.2.1. A second shortfall is
the lack of experimental validation of the K>O-CaO-SiO; ternary system (see also
Figure 2.1 for this phase diagram as introduced in section 2.2.1) in the FToxid database
[181], an integral system of components for agglomeration behaviours as discussed in
section 2.2, with the primary reference being that of Morey, et al. from 1930 [93].
Berjonneau, et al. [186] revisited this system and observed liquidus temperature
discrepancies of up to 200°C, which highlights the need for more fundamental

chemistry work in this area.

Despite these shortcomings, FactSage can still add value when used in addition to
experimental techniques. The work of Fryda, et al. [187], whilst using older databases,
is an example of FactSage being used to predict melt formation fractions across typical
FBC operating temperatures. With FactSage, there was a prediction of 25-45% less melt
formation when the silica in bed material was not included in the model. Fryda, et al.
[187] note that this was more realistic for their fuels, as from their SEM/EDX
observations there was not significant interactions between bed material and fuel ash.
This highlights the fact that FactSage does not consider physical realities of the bed,
notably that it considers all silica equally reactive, and does not have any allowance for
bed material porosity or size for example. Therefore, care needs to be taken to configure

any model to best reflect the real observed agglomeration behaviours.

Across a two-part paper, Zevenhoven-Onderwater, et al. [188, 189] modelled predicted
ash behaviours and then experimentally tested this prediction, in the context of fluidized

bed gasification. In three of thirteen cases, no agglomeration was predicted by the
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model, but was found during experimentation. In the other ten cases, the model agreed
with experimental findings, with the predicted agglomerates either found via visual
inspection of the bed or confirmed through SEM/EDX analysis, indicating good
accuracy of the model. The model also appeared to have good quantitative agreement
with experimental results from an SEM/EDX analysis of agglomerates. For example,
for miscanthus on a dolomite bed, a 20% potassium oxide solid phase was predicted,
compared to an approximate 25% potassium oxide phase being observed in an

agglomerate sample.

The more recent work of Rizvi, et al. [180] examined slag formation quantities and
compositions using FactSage, for pine wood, peanut shells, sunflower stalks, and
miscanthus. All fuels were predicted to have some liquid slag formation at 700°C,
however each fuel had different responses to increases in temperature. For example,
both peanut ash and pine wood maintained relatively constant liquid slag fractions
through the typical FBC operating temperature range of 800-900°C. Miscanthus on the
other hand exhibited a 10-15% increase. It should be noted though that this work does
not consider the fuel in the presence of the bed material, only the fuel alone, and doing
so would likely encounter many of the similar challenges highlighted by Fryda, et al.
[187].

There is also room for simpler models for biomass ash behaviours during combustion
that draw upon knowledge from FactSage models and experimentation to predict
difficulties with new fuels. The work of Bostrom, et al. [190] is an example of such a
conceptual model and draws out the key primary and secondary ash transformation
reactions, and reaction orders, then applies them to different fuels to predict expected
slagging potential. Such models may be of use in a plant operations environment, with
the authors noting that future work would include building such an integrated tool for

process modelling purposes.

2.4.2 Random Forest Machine Learning Approaches

Random forest is an ensemble machine learning algorithm. It is an approach that was
developed in the late 1990’s that offers improved robustness over singular decision trees
as a predictive modelling approach for a given set of data [191]. With random forest,
many separate decision trees are used, with each one making a prediction. The

aggregate results of these trees are then used to make the “final” prediction. In the
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context of a regression study, the prediction results of all decision trees are averaged to
create the final prediction. Random forest has been widely applied across academia and
industry. For example, a search for the term “random forest” in the citation database
Scopus [192] returns over 37,000 results (as of November 2020), with over 31,000 of
these items published since 2015.

The works of James, et al. [193] and Hastie, et al. [194] provided detailed reference
texts covering, amongst other techniques, random forest theory and methodology. Like
many machine learning modelling processes, the creation of a random forest model is
divided into a training phase, where the forest is “grown” by inputting a proportion of
the total data, and the testing phase, where the predictive capabilities of the trained
model are evaluated against a testing set of data that the model has not previously
“seen”. Subsequent predictions, with new incoming data, would then be inputted into

this trained and tested model.

Random forest uses the common machine learning approach of bootstrapping sample
data [193, pp. 187-190]. In bootstrapping, multiple input data sets are created by
random sampling of the input data with replacement. That is, a data sample may be
sampled and be present several times within the same bootstrapped data set, with the
total number of samples in the bootstrapped data set equalling the total number of
samples in the original data set. Each bootstrapped data set is then given to a decision
tree. A further unique aspect to the random forest approach is that at each decision node
in each tree, a random subset of data features (i.e. input ‘x’ variables) is selected as the
basis upon which to split the node [193, pp. 319-321]. The proportion of the data
features selected can be defined by the user. This is done to decorrelate trees and reduce
variance. If there was a very strong feature present at every splitting point, such a
feature might otherwise always be used to split the data across all trees, thereby leading

to overfitting of all the decision trees.

The splitting point at each tree node is decided on the basis of the greatest reduction of
mean squared error (MSE) [194, pp. 307-308]. To better understand this, consider a ‘x-
y’ scatter plot where the y-axis is the prediction target for the model, and the x-axis is
the data feature used for splitting the data set. A point along the x axis can be selected to
split the data set. The average ‘y’ value for each half of the data can then be calculated

and evaluated versus the real ‘y’ value of the training data to evaluate the MSE. The x-
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axis splitting point can then be varied to reduce the MSE of the split. This tree splitting
and growth process continue to the point at which a split can no longer satisfy the user
defined settings for the minimum samples per leaf or split, or the maximum tree depth
setting. Once each tree has made a prediction, these predictions are averaged, with this

average then presented as the predicted value of the model.

A downside to the random forest approach is that by relying on many trees, with each
using a subset of data and splitting on the basis of a subset of features at each point, it
can be more difficult to visualise the key decisions and variables in comparison to the
use of a singular decision tree [193, pp. 315-316]. However, as noted, this approach has
been widely proven to be less susceptible to bias and variance, and in general is more
robust and capable of making better predictions than a singular decision tree [191].
Furthermore, there are ways to assess important variables to the random forest, such as

evaluating the permutation importance of input data features.

In recent years, a handful of papers have applied random forest in the context of fuel,
combustion and/or fluidized bed studies and have shown it to be a viable predictive
modelling approach [195, 196, 197, 198]. In the work of Ge, et al. [195], random forest
and other decision tree approaches were used to identify fuel types based upon flame
spectra data. Four different biomass fuels were used in testing. A total of 4000 data
points were collected, with seven data features used for prediction in the tree models.
After tuning of the random forest model, the average identification success rate after ten
trials with the model was 98.7%. This was the lowest of the prediction accuracies for
the tree models tested, with the gradient boosted decision tree model achieving the
highest accuracy of 99.5%. Gradient boosting is a commonly applied approach in
literature [193, pp. 321-322], but at the cost of a longer model training time as trees are
sequentially rather than concurrently grown. Despite this, an average prediction success

rate of 98.7% for random forest clearly shows it to be a viable option for prediction.

Zhang, et al. [196], applied random forest for the prediction of the moisture content of
biomass pellets in a fluidized bed dryer, using a total of 12 input data features. When
the tuned model was applied to online prediction with a lab-scale unit, the relative error
was +/- 13%, providing a prediction within 50ms of the online measurements being
received. The authors state that this level of accuracy is acceptable for their application,

and the model is thus viable for prediction. The rapid prediction time here of 50ms also
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highlights another benefit of random forest, in that it can be used in conjunction with

live input data to create real-time predictions of key parameters.

Elmaz, et al. [197] considered the use of random forest with proximate fuel analysis
data to classify fuels into one of four types: coal, wood, agricultural residue, or
manufactured biomass. VVarious models were used in addition to random forest, on close
to 600 fuel data sets taken from the Phyllis2 [199] database. With random forest, a
classification accuracy of about 90% was seen, which is a good level of accuracy. No
model tuning was applied by the authors. Therefore, it is likely this could be further
improved upon if the authors were to have used better model hyperparameters. This
study by Elmaz, et al. [197] shows that random forest can be applied to reveal
underlying compositional groupings in fuels, hence the ability of the model to classify

fuels by type with good accuracy.

To the authors’ knowledge, no published studies have applied the random forest
algorithm to the study of large biomass fuel data sets from commercial biomass power
stations. In thermal power generation a comprehensive understanding of the input fuel
feedstock is essential to ensure optimal operation of the plant and to identify any
potential challenges in advance [20, pp. 18-54]. Therefore, the ability to gain a deeper
level of insight regarding biomass fuel feedstocks and their underlying relationships
would be highly advantageous for commercial plant operators and lead to more efficient
fuel use and operation and could lead to better mitigation of ash challenges such as
agglomeration. The study of Elmaz, et al. [197] showed that random forest can be
successfully applied to the “simple” problem of fuel identification. Therefore, it would
be of interest to apply this technique to the challenge of a larger data set and the
prediction of parameters within the fuel, e.g. quantities of a given contaminant. If
successful, this would in turn reveal the underlying relationships within the fuel

composition that feed into these predictions.

2.4.3 Modelling Summary

Thermochemical modelling software packages such as FactSage can be used to improve
the understanding of the fundamental chemical behaviours at high temperatures, and for
the prediction of potential melting and agglomeration issues. There are known
shortcomings to the use of FactSage as a tool, particularly surrounding a lack of

underlying experimental data for key biomass ash systems, but nonetheless FactSage
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has shown value as a tool in several prior works for prediction of ash melting issues of

relevance to agglomeration.

Machine learning approaches such as the random forest algorithm have shown promise
in their predictive ability when applied to biomass fuel data sets and combustion
scenarios, within the limited published works that exist at present. Therefore, it would
be of interest to apply this technique to a large-scale industrial fuel data set, to

determine what useful insight can be attained.

2.5 Chapter Summary

Sections 2.2.4, 2.3.13, and 2.4.3 provide more detailed summaries and suggestions for
further work for each area examined within this review. The main findings from this

review are as follows.

There is a wealth of mechanism research when combusting biomass on SiO»-based bed
materials, with agglomeration mechanisms being of the coating- or melt-induced
variety. For coating agglomeration in the case of SiO2-based bed materials, there is the
common occurrence of two or three distinct particle layers, with a higher presence of
potassium within the fuel causing the “inner-inner” third layer. Sufficient growth of the
calcium-based “inner” layer appears to prevent further formation of K-silicate melts
with the bed particle, and as the layer changes in composition further diffusion of
calcium is limited. Melt-induced agglomeration is the result of sufficient silica and
alkali metal content in the fuel forming an ash melt. In some cases, the ash skeleton
shape of the particle appears to allow the formation of agglomerates similar in shape to
that of the fuel particle. Further work is particularly needed into mechanisms when
using alternate bed materials and additives, with consideration given to the effects on

the whole boiler system.

Of the operating variables, fuel, bed material, additives, fluidizing gas velocity and
temperature have the greatest effect on agglomeration severity. An overall ranking of
parameters examined is given in Table 2.5. Most other variables have received some
degree of attention, though may benefit from some deeper studies. Co-firing of dual-
biomass blends, alternative bed materials, and use of additives stand out as areas where

further work could add significant value and understanding to the field.
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Thermochemical modelling of biomass ashes with software such as FactSage has been
seen to be a useful tool to enhance knowledge and produce qualitative and quantitative
predictions of biomass ash melting issues when used together with experimental
methods. However, there is an implicit need for users to understand the shortcomings
around use of FactSage, such as the chemical systems for which there is a known lack
of accuracy, or the optimal ways to translate real observed phenomena into the
theoretical chemical environment of FactSage. Machine learning approaches such as
random forest have shown promise as a predictive approach when applied to biomass
fuel studies across a limited number of published studies, however further work and

application is required to determine their limits.
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Chapter 3
Methodology

3.1 Introduction

This chapter begins by detailing the equipment and methods used to carry out the
research activities performed in this thesis. This includes equipment specifications,
methodologies, and a discussion of known shortcomings with the equipment and
methods. Thermochemical modelling of biomass ash was performed with the software
package FactSage. The generic approach taken to the use of this software is outlined in
this chapter. Specific model parameters used for each FactSage simulation case are
listed together with the discussion of results in Chapter 6. Data analytical and machine
learning techniques used in the study of the Sembcorp Energy UK fuel data set in
Chapter 7 are also described. These methods are principal component analysis and
random forest regression. In the final section of this chapter, specification data is given
for all the fuels, bed materials and additives that were used, along with a brief
discussion of each.

3.2 Pilot-Scale Fluidized Bed Combustor

A pilot-scale bubbling fluidized bed combustor was used as the principal method of
experimentation. This unit is located at the Low Carbon Combustion Centre (LCCC) in
Beighton, Sheffield. A few years prior to this work, the unit underwent a significant
number of modifications and a full re-commissioning, as described in the work of
Chilton [137]. The unit is pictured in Figure 3.1, with Figure 3.2 and Figure 3.3 offering
process flow diagrams of the combustor and gas analysis systems respectively.
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Figure 3.1: Picture of the pilot-scale fluidized bed combustor used for experimental work.

3.21 Air Supply

Air for the fluidized bed is supplied via the forced draft “main fan” (see Figure 3.2).

This fan provides air to five different streams:

e Process air — the main fluidizing air stream entering the bed.

e Under-bed air — used for under-bed gas burner combustion, with a continual air
bleed to control the temperature of the under-bed gas burner when not in use.

e Over-bed air — used for over-bed gas burner combustion, with a continual air
bleed to control the temperature of the over-bed gas burner when not in use.

e Sight-glass air — used to cool the sight glass.

¢ Blanketing air — used to prevent fuel combustion within the 5” continuous screw
feeder housing.

A slight negative pressure was maintained in the combustion chamber during tests by
the extraction fan located just after the cyclone. This was done to prevent the escape of
pollutant gases such as carbon monoxide into the surrounding atmosphere. A secondary
(uncontrolled) small extraction fan is positioned after this larger extraction fan and was
left running when the fluidized bed combustor unit was not in use for continual gas

extraction as a safety precaution.
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3.2.2 Start-up Gas Burners

Two gas burners were used to heat the bed during start-up. The over-bed burner is
located above the bed and is angled downwards to heat the top of the bed during start-
up. The under-bed burner is below the unit, prior to the plenum, with the heated mixture
of gas burner flue gas and process (fluidizing) air entering the bed via the bubble caps.
In some tests, the over-bed burner was removed to minimise the air input above the bed.

This also meant that the over-bed burner bleed air was no longer required.

3.2.3 Fuel Feeding

Three fuel hoppers were available, each with a variable feed-rate screw. These are
connected to a continuous 5 screw that feeds fuel onto the bed surface. When a new
fuel was used for the first time, the speed setting for the variable screw feeder connected
to the hopper was calibrated to determine the mass flow rate of the fuel. To do this, a
segment of the continuous 5” screw feeder housing was removed, and a collection
vessel was placed under the opening. The fuel was fed at different screw speed settings
for 20-30 minutes, and the collection vessel was weighed. This enabled the creation of a
calibration curve of fuel mass flow rate against screw speed for the fuel, which was then

used in experimentation.

One point of note regarding the continuous 5” screw is that it has a non-linear rate of
fuel feeding. When calibrating the mass flow rates of fuels and observing fuel exiting
the screw, it was apparent that there was a continual cycle of small quantities of fuel
followed by an intermittent larger “slug” of fuel. This meant that over shorter time
scales of 1-2 minutes, there was an observable variation in fuel feeding rate, which
could be seen during tests in the form of a cycling/oscillating emissions graphs. For
reporting purposes, emissions were averaged over time periods upwards of 15 minutes

to negate this effect.
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Figure 3.2: Process flow diagram of the pilot-scale fluidized bed combustor.
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Figure 3.3: Process flow diagram of the flue gas analysis system present on the pilot-scale fluidized bed
combustor.

3.24 Bubbling Fluidized Bed

The air distribution plate at the base of the bed has 30 evenly spaced bubble caps
arranged in a square pitch. Air from the primary air and under-bed burner streams enters
the bed through these bubble caps and fluidizes the bed. The combustion chamber is
0.39m wide by 0.35m long in the bed region. Bed heights of up to 0.4m were
successfully fluidized, with a bed height of 0.24m found to be optimal from the
perspective of minimizing start-up time and allowing for a well-mixed bed. A
removable hatch door allowed for access to the bed for bed loading, sampling, and
maintenance. A sight glass is present on the hatch door, with a second sight glass
around 0.4m above it as part of the furnace structure. These sight glasses enabled
observation of combustion and bed behaviour at the bed surface and in the region
between the bed and screws feeder. Combustion occurred on the bed at a target
temperature range of 800-900°C, with flue gases drawn upwards and out of the
freeboard by the extraction fan (see section 3.2.1).
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As mentioned, a bed height on 0.24m was found to be optimal for the rig, and this was
used across most of the testing in Chapter 4-Chapter 5 unless specified otherwise. This
bed height corresponded to a mass of 40kg of bed material for each test. In the additive
test campaign of Chapter 5, the additive dosage used formed part of this total 40kg, with

the balance to 40kg comprising of the sand bed material.

3.25 Flue Gas Cooling and Extraction

Flue gas exiting the freeboard first passes through an air-cooled heat exchanger, where
it is cooled from around 400°C near the top of the freeboard to 150-200°C exiting the
heat exchanger. Flue gas then enters a cyclone for fly ash removal, before being
released to atmosphere. A bag-house filter is also present on the pilot-scale unit for
optional use after the cyclone. However, it was not used during tests and was sealed off

via a valve.

A sample line for flue gas analysis was inserted after the cyclone, to enable collection of
flue gas with a minimum of particulate material. This sample line could be moved to
other tapping points during tests when required, such as for verifying gas compositions
upstream or in the freeboard. This sample line routed flue gas into the flue gas analysis
system, discussed in the subsequent section 3.2.6. Fly ash was collected from the

cyclone ash collection drum and stored.

3.2.6 Flue Gas Analysis

The flue gas analysis system is shown diagrammatically in Figure 3.3. Flue gas passes
through two dreschel bottles packed with a glass wool fibre material for large
particulate removal, before flowing through a micro-filter into the sample pump. The
gas sample is driven through a cooler for moisture removal, and then enters a heater
prior to analysis. At the heater, the sample is split into three streams, each of which
passes through a micro-filter before entering one of:

e A Fuji Electric single beam non-dispersive infrared sensor (NDIR) gas analy