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Abstract

As the earth transitions to a low carbon sustainable future, tleesdiv of
biomass fuels must be expanded to accommodate the growing energy demands. This
can have advantages such as encouraging the use of waste feedstocks to capitalise on
economic gains as well as disadvantages such as the associated environmental and
operational problems from biomass high in inorganics and mindggdtdally the
heating sector is the largest sector of the energy industry accounting for 50% of energy
consumption [IRENA, 2018]Of this 14% comes from traditional biomass used in
heating stves. This an area of increasing interest since these systems are having a
detrimental effect to air quality from high emissions of NOx, §Ounburnt

hydrocarbons angarticulate matter

In this thesis the aim was to understand the relationship betlweefuel
properties and emissions frooombustionon a domestic stove. This included
analysing the impacts of pteeatment on the performance and emissions. Traditional
wood fuels, willow and spruce logs, were used as benchmarks and compared to their
torrefiedcounterparts. The results showbdt torrefied fuels increased the emissions
of CO; (spruce 650 and willow 67 to 7&g GJ') but reduced the emissions of £H
(spruce 0.37 to 0.18 and willow 0.18 to 0Kg GJ'). Reductions in NOx from
torrefied fuels was the result of a shift in N partitioning and retaining more\fiurel
the char which was released as fidom reducing conditions during char burnout.
Similarly, sulphur retention in the ash increased because of the increased Ca/fS ratio o
torrefied fuelstherebyreducing S@emissionsParticulate mattegmissions were also
reduced fronusingtorrefied fuels The torrefaction process reduced the emissions of
soot forming volatiles such as eugenol and vanillin which can contribute to soot
formation by both théhydrogen abstraction carbon additiand cyclopentadiene
method.

Waste spent coffee grounds, bracken and agricultural residues were analysed
in comparison to wood logs and briquettes as potential novel fuels for the domestic
marke. The very fine particle sizand high calorific value (21.1 MJ ®yof the spent
coffee resulted in high flue gas temperasypeak temperature 600). However the
high fuelN content (1.84 wt.% db) resulted in excessive emissions of NOxg(G0

1y whichwasmore analogous with coal and peat than biomass. Bracken is guarent!
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large managememiroblemglobally as it is so dominant and fast growing, the most
used management technique invedharvesting and burning it in large open fires.
Commercialbracken briquettes when combusted were difficult to ignite because of
the density of the briquettes (1250 kg yriThese were broken down into four evenly
sized segments and it was apparent the size, shape and density of the briquettes was
preventing efftient combustion (massmeersion increased by 20%). By reducing the

size of the briquettes, and increasing the surface area to volume ratio, the emissions of
CO decreased from 180 to 140 gliaf fuel and thetotal organic carboemissions

from 1.3 to 08 g kg* of fuel. The SQ(1.7 g kg') and HCI (0.6 g kg) emissions from
bracken briquettes were much higher than compared to Isaréey(0.8 and 0.3 g Kg

1, wheatstraw (0.5 and 0.2 g k¢, miscanthus@.8 and 0.3 g k¢§ and wood
briquettes §.3 and 0.06 g kY. This was because of the high S (0.2 wt.% db) and ClI
(0.14 wt.% db) contents of the fuel.

Because of the strong correlation between the fuel mineral contents and the
emissions, SRC willow grown on contaminated land wastneated by washing to
investigate the removal efficiency of problematic species and the impacts on the
emissions. The ash content of the-peated wilbw reducedoy 27% this was lower
than seen in previous wattowever the method used was more @pple to industry
methods of préreatment. High removal efficiencies of Pb (69%), S (55%) and Cu
(47.5%) were observed and this came from a combination of solid mineral removal
from soil and bark as well as some leaching. When combusted the washadhadlo
reduced emissions of CO (5€duceda 2.45 kg G3), THC (0.22reducedo 0.125
kg GJY) and PM (0.12educedto 0.063 kg GJ). However even though the full
content decreasethe NOx emissions were 25% higher for the washed willow, this
was mo#fy likely due to the reduced Na content whitdis been shown to catalyse

NOx reduction reactions during char combustion.

The overall outcome of this thesis is a stronger understanding of the chemical
and physical properties of fuelsat influence the emissions from combustion on stove
systems.Several useful correlations have been identified between the composition
analysis and the emissions data that include the majority of fuels used in this thesis.
These correlations are usefulidgentifying the suitability of novel fuels and also in
identifying the advantages of pieatment for industry and the potential expansion of

their fuel inventories.
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Chapter 1. Introduction

Humans need energy to survive, this includes activities such as heating,
cooking, processing and transportation. However, obtaining and using energy comes
at the expense of the environment. Historic irresponsible industrial activities including
the energysector have caused irreversible damage to the planet. International efforts
are focused on changing the fuels used, improving the efficiency of current
technologies, the implementation of new technologies and abatement technology.

Renewables are a key paftthis strategy.

1.1 Energy, The Environment and Renewables

1.1.1 Overview of Global Energy Usage

Energy demand increased by 0.9% in 2019 according to the IEA Global Energy
Review [2020] The BP Statistical Reviefrom 2019 [2020] measured slightly
higher level of primary fuel consumption at 1.3@ne of the main reasons global
energy demand is increasing is because of population growth however based on Fig.
1.1 from Karpov [2019] average person energy consumption ignaleasing; this is
largely an effect of economic development in #@BCD countriesIn Fig. 1.1
sections | and Il define to-shaped trends when global energy consumption

accelerated for a period and then returned to its standard rate of increase.
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Figure 1.1: Average globhenergy consumption per person [Karpov, 2019]

Global energy consumption is not a comprehensive assessment of the energy
sector. Table 1.1 uses data from the BP Statistical Review from 2018 [2019] and shows



the global divide of primary energy consumptiérom Table 1.1 it is clear th#te

Asia Pacific region is the largest consumer, consuming moné\tbidh America and
Europe combined which are the second and third biggest consumers respectively. This
region includes China and India which are rapghlgwing economies.

Table 1.1: Primary fuel consumption from 2010 to 2018 [BP, 2019]

= a erg O ptio o€ O e 2008 (%
2010 2012 2014 2016 2018 2012 2014 2016 2018
Global | 12099.9| 12575.5| 12939.8| 13228.6| 13864.9| 3.9 6.9 9.3 14.6
North 2709.8 | 2657.4 | 2758.9 | 2737.2 | 2832 -1.9 1.8 1.0 4.5

America
South & 627.1 670.9 692.9 691.1 702 7.0 10.5 10.2 11.9
Central

America
Europe | 2124.6 | 2072.3 | 1978.3 | 2027.5 | 2050.7 -2.5 -6.9 -4.6 -3.5
CIs 843.2 886.7 880.3 881.5 930.5 5.2 4.4 4.5 10.4

Middle 709.8 767.3 817.2 864.9 902.3 8.1 15.1 21.9 27.1
East

Africa 383.8 399.2 422.6 439.4 | 461.5 4.0 10.1 14.5 20.2

Asia 47015 | 5121.6 | 5389.6 | 5587 5985.8 8.9 14.6 18.8 27.3
Pacific

Europe is the only region in Table 1.1 that has reduced primary fuel
consumption since 2008 and maintained primary fuel consumption below 2010 levels.
As previouslymentioned,energy consumption is mainly increasing in developing
regionswhich areThe Midde East and Africaandin particular Asia Pacifievhere

fuel consumption increased by nearly 10% between 2016 and 2018.

Unfortunately, current fuel usage is still dominated by fossil fuels as shown in
Fig. 1.2, created using data from the BP statistiegierv from 2018 [2019]. It is
apparent that Europe and South America have started to shift primary energy
consumption to net carbezero sources (this includes nuclear, wind, solar, hydro, tidal
and biomass). In Europe this has mainly been achieved thpaligi which has been
linked to largescale power generation however, this has also been aided by advances
in localised systems such as combined heat and power (CHP) and energy from waste.
In South America, advances in bioethanol production and hydrorgmave driven

changes.

A large challenge in estimating values of energy demand and consumption is
that a large part of the world still relies on systems such as cookstoves and localised

heating and power generation. These are often powered by woodbitonaks, faeces
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and waste which are not included in most outlook reviews but can have a large impact

on the environment.
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Figure 1.2: Percentage comparison of fossil versus carbon zero fuel consumption
in different global regions.[BP, 2019

1.1.2 Environmental Concerns
Environmental concerns can be related directly to emissions from conversion
processes and from the activities itadbing fuels. Climate change and environmental

concerns are currently key topics of global politics, these include:

1.1.2.1 Global Warming

Global warming continues to challenge society as changes from the damage
caused are becoming more appareath asextreme record high temperatures and
rising sea levels. A special report by the International Panel on Climate Change (IPCC)
[Matthews, 2018] states that the average global temperature has increasedby 1.5
since preindustrial levels. This is being caused by greenhouse gases which are at their
highest levels for 800,000 years [Nunez, 2019].

Greenhouse gases trap radiation from the sun in the atmosphere by absorbing
infrared radiation energy and readitmg it back into the atmosphere. Various
greenhouse gases have different potentials to cause the greenhouse effect, this is based
on both their ability to absorb radiation and their lifetime in the atmosphere. These
two parameters are described by thel@ Warming Potential (GWP), this is
guantitative assessment of the impact of a gaseous specie on the atmosphere within a



100-year time period compared to that of £@r this reason C&s given a reference

level of 1. Table 1.2 compares some of thetnesosnmon greenhouse gases and their
GWP factors from the 2007 IPCC report on the Physical Science of Climate Change
[Solomon et al., 2007]. Within this report a special focus on the impact variability with
time was discussed which resulted in a GWBR/arhorizon factor being determined.

GWP is a useful assessment since it helps to evaluate the global trajectory on climate
change, for example NFs emitted from the production of semiconductors for the
electronics industry, these semiconductors are usednofacture photovoltaic (PV)

cells, this is an important consideration when choosing to increase solar energy

generation [Arnold et al., 2013].

Table 1.2: Global warming potential of various greenhouse gases [Solomon et al.,
2007]

Greenhouse Gas Chemical Global Warming Potential ~ Atmospheric
Formula GWP- 100-year GWP- 20-year Lifetime (Years)
horizon horizon
Carbon Dioxide CO: 1 1 100
Methane CH4 25 56 12
Nitrous Oxide N2O 298 280 114
Ozone Os 1000 65 <1
Chlorofluorocarbon- CClF2 10,900 11,000 100
12 (CFC12)

Nitrogen Trifluoride NF3 17,200 12,300 740

1.1.2.2 Atmospheric Pollution

Atmospheric pollution and the greenhouse effect are often confused.
Greenhouse gases are gases capable of causing global warming, described in the
preceding section. Air pollution refers to the emission of any pollutant (gas, liquid or
solid) that can cagsdamage to the ecosystem or human health. A greenhouse gas can

also be a pollutant.

An article from the New South Wales Government Office for Environmental
Health [2013] identifies the most common air pollutants to be: particulate matter 10
2.5 (PM), grandlevel ozone, nitrogen dioxide, carbon monoxide and sulphur
dioxide. The U.S centre for Disease Control and Prevention (CDC) [2019] expands
this to include lead (Pb) and the UK Department for Food, Environment and Rural
Affairs (DEFRA) [No date] also icludes PM, volatile organic compounds (VOCSs),
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Toxic Organic MicrePollutants (TOMPS), Benzene, iBBitadiene and selective
heavy metals (Ar, Cd, Hg and Zn). This shows how variable the international

interpretation and importance of air pollutants curgerst! Table 1.3 describes more

comprehensively some of the common air pollutants.

Table 1.3: Internationally recognised air pollutants of greatest concern

Pollutant

Chemical

Symbol

Description

Source

Carbon CcoO A colourless and odourless gas th Incomplete combustior
Monoxide can displace oxygen in blood af including in vehicle engines
bind to haemoglobirid [*! power stations and househo
stoves[d 0]
Sulphur SO SO, causes acid rain when | Coal combustion and combustic
Dioxide solubilises in the atmosphere, t of fuels high in sulphuta [l
process causes haze and reduces
air visibility. It also increase
breathing difficulty when in high
concentrationd [
Oxides of | NOx Highly reactive nitrogen speci¢ Combustion of most fuel
Nitrogen which react in the atmosphere | including in power stations
form a variety of compound internal combustion enging
including nonnitrogen containing (ICE's), and domesti
species such as ozone. NC( applications!®
contributes to acid rain and haz
Additionally, NOx causes
nitrification of coastal waters an
land which creates nutrier
pollution. NOx can aggravate th
respiratory systenff [
Particulate | n/a This is a general term used for so| PM can be directly from
Matter particles and liquid droplet industrial activity. This includs

suspended in the air which can ve
in size but the most concernir
sizes range from -10mm. Some
particles are emitted direct fro
source these are usually calladstl
particles. PM from the energ
sector is usually called soot when
is high in carbonaceous species &
forms PM by a series of comple
reactions and sublimation ar
condensation of various inorgan
species. PM can have a glok
warming effect as weks reducing
visibility. The greatest concern

the respiration of these species
PM: size as these can penetr
deep into lung tissue and cause Ig
term health effects includin
cancer/d[c

dust particles from processing
materials and minerals and ciy
activities such as installin
insulation in buildings and layin
tarmac for roads. PM fron
combustion can be formed fro
any fuel in any conversio
technology. Soot is primarily
formed fom diffusion flames
and incomplete combustiol
ICE's form very small PM fron
incomplete combustion and rap
cooling in exhaust gasdd.[@




Table 1.3 Cont.: Internationally recognised air pollutants of greatest concern

Pollutant

Chemical
Symbol

Os

Description

Ozone in the upper atmosphere
critical to protecting the plane
from intense radiation from th
sun. However, grountkvel
ozone can cause lung irritatio
airway inflammation and reduc
lung function 3

Groundlevel ozone is formeq

from the reactiorof NOx and
volatile organic compound
(VOC's). Sunlight and heat a
required for the reaction s
ozone levels are higher on h
sunny daysid

VOC

n/a

These are (gaseous orgar
compounds that have a hig
vapour pressure and o
solubility. They includendustrial
solvents such as trichloroethylen
and chlorinates from wate
treatment like chloroform. Healt|
effects are variable and incluc
shortterm and longerm effects.
Lower concentrations lead
nausea, irritation, dizziness at
breathing difficdties. Higher
concentrations can lead to mag
devastating damage such
damage to the central nervo
system, kidney and liver toxicit]
and cancefd [®

VOCs are formed fron
anthropogenic processes a
are used in many commerci
products such paintsinks,
cleaning products, adhesivi
and building materials
Combustion of fuels produc
VOCs from incompletg
combustion in  fuelich
processedd (€

Benzene

CeHs

Benzene is similar to VOC
however exists primarily in th
vapour phase. It iscommonly
used in many commercic
products such as glues, dyes &
detergents. Benzene is

carcinogen and can reduce r
blood cell production and th
effectiveness of the immun
system. Benzene can react to fo
photochemical smog which ce
then be depotad in water bodies
and soil through rain or snof/!9!

Benzene is used in marn
products for cleaning an
treatment purposes. It is
highly manufactureg
chemical, one of the top 20
the U.S, and its release main
comes from industria
processes suchs burning of
coal and oil (less from gas
Vehicle ICE's cause
approximately 20% 0
benzene emissions ar
tobacco smoke is the mo
common source of indog
benzenelfd

Polycyclic
Aromatic
Hydrocarbons
(PAHSs)

n/a

PAHs contain at least twj
aromaticgrings and are formed ¢
high temperatures. Low molecul;
weight PAHs are usually prese
as vapour, as they increase in s
and molecular weight they forr
more as solid particles. The
degree of carcinogenicity i
variable however they are &
described as toxic to humar
health [ 1

PAHs are only formed fron
combustion and pyrolysi
processes. This is mainly fro
transport emissions in outdo
air and mainly from solid fue
combustion in indoor air
Cooking on a fuefired stove
can cause elevate
corcentrations of PAHS [




Table 1.3 Cont.: Internationally recognised air pollutants of greatest concern

Pollutant

Chemical
Syinlele]

Description

Source

Toxic n/a TOMPS is a group of species that cal Al TOMPS in the
Organic devastating health effects including cancd atmosphere are frorn
Micro reduced immunity, central nervous disorde combustion of fuels
Pollutants child development and pregnancy probler including gas, oil,
(TOMPS) At very high concentrations death is| coal and biomasé!
possible outcome from inhalation. The gro
includes PAHS,polychlorinated biphenyls
(PCB's) andlioxins. !
Lead Pb Heavy metals in the atmosphere at l{ Heavy metals in the
concentrations can be deposited into soil { atmosphere can b
Zinc Zn water bodies. Their volatility is variabl present as vapour ¢
which means they can be released i solid particles. Thei
Mercury Hg deposited readily. Bioaccumulation in tl emission is from thei
ecosystem is of great concern since it ( presence in fuels
Cadmium Cd occur quickly. Heavy metals can cause which are combustec
range of health problems including kidn{ X
Chromium Cr and bonedamage, cancer, neurobehavio
disorders and increased blood presstre.
Arsenic Ar

Table references{a] United States Environment Protection Agency [2018], Townsend and
Maynard [2002], [c] WHO [2005], [d] Government of Canada [2019]g] HealthLink British

Colombia [2018]]f] Agency for Toxic Substances and Diseases Registry [0 Quarte-Davidson
et al. [2001],[h] Lee [2010],[i] Choi et al. [2010]]j] Envirotrain [2018],and[k] WHO [2007].

1.1.2.3 Monitoring and Control of Air Pollution

Most air pollutants from Table 1.3 are of concern when they are in high
concentrations, therefore localised monitoring is required to control the impact they
have. Emissions are measured over a time perietlone (reattime) both of which
are variable depending on the time of day and the activities taking place. For example,
during the morning and evening rush hour travel when people commute to and from
work emissions are higher. Therefore, it is importaat both the average emission

levels and the time period of peak emissions are monitored.

In the UK, National Air Quality Standards (NAQS) are used to monitor and
control air pollution. The United States and China are the largest energy consumers,
this is largely due to industry and population requirements. In order to monitor and
control their air quality they have their own set of air quality measures and objectives
U.S Nati Amb i Air Quality Standar

Quality Staadards. The Chinese standard is used to describe the quality of air by using

onal ent
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categories, i.e., the air quality in a class 1 area is better than a class 2. Table 1.4
compares the UK Air Quality Objectives,
Standards rad the Air Quality Guidelines from the World Health Organisation
(WHO).

In Table 1.4 the major air pollutants are listed. Additional pollutants have been
added into national objective criteria suchaasnonia,mercury,benzenepolycyclic
aromatic hydrocarbons (PAHs) andust however these are not ubiquitous and are
usually only specified in relation to certain industrial activities.

Table 1.4: Comparison of air quality control targetsin ambient air from the UK

[DEFRA, 2007], US [EPA, 2016], ChindLi et al., 2018] and the World Health
Organisation (WHO) [2005].

O
5 Class 1| Class 2 .
T L Time . Time L . Tlme — Time
Limit Period Limit Period Limit Limit Period | Limit Period
e 10 | 8hours| 10.35| 8hours | 4 4 Daily
(eg’) n/a
Pb 0.25 | Annual | 0.15 | Quarterly nla
Average
NO2 30 Annual | 99.64 | Annual 40 40 Annual 40 Annual
PM1o 40 Annual 150 24 hours 40 70 Annual a0 22 B
20 Annual
25 24 hours
PMa2s 25 Annual 35 24 hours n/a 10 Annual
O3 100 8 hours| 137 8 hours 100 8 hours
SO, 350 | 1hour | 196.5| 1 hour 20 | 60 | Annual| 20 |24 hours

Table 1.4 demonstrates the variability in the international standards. China has
the strictest standard in relation to @@m initial observation however the averaging
time period is three times longer than for the UK and U.S, this would therefore include
night time emissions which are low because of reduced activity. Nitrogen dioxide
emissions are the only monitored emissiovhere all the standards use the same
averaging time period. The UK has the lowest target and recently introduced emission
control zones in major cities to reduce these emissions further [CCC, 2019]. The target
emission level is below the WHO target whis based on the lorigrm impact of
emissions to human health, China has used this level as their own guideline as well.
The U.S level is over two times the WHO limit and over three times the UK limit.
Limits on emissions of PMand PM s are all signiicantly above the recommended

limits by the WHO, it is important to recognise that the WHO limits were designed
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based upon statistics collected in 2005, this is concerning when more current targets

still have yet to coincide with limits that wedevisedover a decade ago.
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Figure 1.3: Annual trends in emissions in the UK of certain air pollutants from
19702018 [DEFRA, 2020]
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Figure 14: Annual trends in emissions in the UK from 2008018 [DEFRA, 2020]

As air pollution has developed as a political sghjthe more rigorous and
comprehensive recording and monitoring has become. Bigs ftom DEFRA [2020]
and demonstrates the relative reduction in emissions. With the exception of ammonia,

the emissions of all the pollutants have decreased to leveis 86% of the nominal



1970 levels. The main factor has been the reduced use of coal in power generation, the
increased use of abatement technology across the energy use sector (transport and
power generation) and the increase in renewables [CCC, 20183. elently, since

the 2007 limits werentroduced,emissions have plateaued, with the exceptions on
NOx and SQ Fig. 14. NOx and S®@ have continued to decrease again from the
reduced use of coal but also by targeting technology and legislation chémges.
particular, in the transport sector by the aforementioned emission zones and the
addition of NOx reduction technology on diesel cars [CCC, 2019]. Ammonia
emissions in the UK are mostly related to the farming and agricultural sector [DEFRA,
2020].

1.13 The Renewables Sector

Renewable energy is a key part of the immediate strategy to reduce pollution
levels and prevent further climate temperature rises. This is particularly challenging
since it is expected that global energy consumption will inerégs56% by 2040
based on 2010 levels [EIA, 2013]. The World Energy Outlook (WEOQO) report from the
IEA [2020] shows that the immediate capacity in the renewables sector is much greater
than in any other sector and estimates that this capacity will inonatséme for

solar and wingFig. 15.

m 2020 % 2040 (Stated Policy Scenarios)

D
I

700
20000

R

Coal Gas Nuclear Solar PV Wind Hydro

Figure 1.5: Primary energy capacity by energy source for current and projected
global energy consumption [IEA, 2@0]

Fig. 16 from the EIA shows the projectediobal energydemandoy fueland
scenarid2020].Based on stated policies and the delayed recovery scébasied on
changes from the Cowtl9 pandemicjhe global trend suggedtsat there will be an
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Change in Global Primary Energy Demand 2030

increasen the use of oil, gas, nuclear and renewalleshe ideological scenarios,
sustaimble development scenario and-meto emissions case, a significant decrease

in oil and a small decrease in gas will be required to achieve environmental targets.

mSPS =DRS ~SDS = Net-Zero by 2050
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Figure 1.6: Projected change in global primary energy demand to 2030 based on
2019 for four key scenarios. Stated policies scenario (SPS), delayed recovery
scenario (DRS), sustainable development scenario (SDS) and-geto emissions
by 2050[EIA, 2020]
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Figure 1.7: Division of global energy sources for heating and cooling endse
[IRENA, 2018]
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According to a report for the International Renewable Energy Agency
(IRENA) [2018] in order to analyse the role of renewables in the future, four sectors
should be considered individually, these are: Heating and Cooling, Transport, Power
Generation ath System Integration. Heating is the largest-ese energy sector
accounting for 50% of energy consumption, the majority of which is supplied by fossil
fuels <70% in 2015) [IRENA, 2018]. The main renewable source in this sector is
from traditional biomas as shown in Fig. Z.from the IRENA 2018 Report [2018],
this is from the combustion of wood logs in domestic appliances.

Modern bioenergy is a rapidly growing sector which includes injections of
biomethane and biohydrogen into natural gas systemd faeliboilers, cegeneration
and district heating schemes. Although, the contribution of renewables in this sector
is relatively low, this number is highly variable across the earth, for example in Sub
Sahara Africa 7®0% of primary energy supply (mairteating and cooking) comes
from biomass [Eleri and Eleri, 2009] and in SeHist Asia approximately 45 million
people are still dependent on traditional biomass for primary energy [IEA, 2019].

Figure 1.8: Breakdown of theglobal transport sector in 2015 [Staffell et al., 2019]

The transport sector is the second largest energy consumer accounting for 25%
of global consumption [EIA, 2015], 96% of which comes from petroleum products
[IRENA, 2018]. The outlook of renewable energy in this sector is facing many
challenges, mainly thienplementation of an infrastructure which can support the use

of biofuels. Instead, many countries are choosing to focus on electric vehicles, with
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the potential addition of hydrogen vehicles in the future [Staffell et al., 2019]. Big. 1.
shows the breakuvn of the transport sector in 2015, the inner circles show the mode
and function of transportation respectively whilst the outer circle shows the individual
transport methods [Staffell et al., 2019]. As can be seen in Fgetsonal daily
transportatia methods are the greatest consumers. Bioethanol has made some small
changes to transport fuels by blending with petrol (gasoline). Across Europe 5% is
blended and in Brazil all gasoline has a 27% blend of bioethandizjdgka et al.,
2019].In the UK a rrw 10% blend will reduce G@missions by 790,000 tonnes from

the transport sector [Department of Transport, 2024ther progress has been in the
Heavy Goods Vehicles (HGV) market by using straight used cookingahwerting

the oil tobiodiesel [Li et al., 2014].

0O,
73.8% 4
Non-renewable
electricity

Renewable
electricity

158% 5-5% Wind power

Hydropower

2.4% solarpv
2.2%

Geothermal, CSP
0.4%
-“ /o and ocean power

Bio-power

Figure 19: Breakdown of global electricity generation by fuel source [Ren21,
2019]

Consumption in the power generation sector is highly variable. Globally it
represents about 20% of consumption however in more developettiesuhis
increases [IRENA, 2018]. Renewable energy has made consistent and substantial
progress within this sector and in 2018 ma@e26.6% of global electricity generation
[Ren21, 2019]. Hydropower has the largest share of this sector (15.8%) folbgwed
wind (5.5%), solar (2.4%), biomass (2.2%) and geothermal (0.4%), as shown in Fig.
19 [Centre for Climate and Energy Solutions (C2ES), No Date] [Ren21, 2019].
Consistent growth from hydropower is from the setup of small hydropower units.
Lower capital osts and environmental impact has increased favourability of such
units over large dams. New technology is driving the increase in wind and solar usage,
in the case of the latter it is the fastest growing industry within the electricity
generation sectofGeothermal projects remain small and sparse, the focus is more on

using geothermal to supply heat. Biomass is being used to make large increases in
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renewable electricity generation, in the UK an increase in 30% capacity and 11%
generation in 2018 was achexl through conversion of coal power stations to
biomass, a relatively low capital investment [Ren21, 2018]. Other large increases in
generation were seen in South Korea (50%), Thailand (39%) and China (14%) [Ren21,
2019].

The final sector is systemtegration which overarches the power generation
sector. Without sufficient flexibility in the power generation sector renewable
technology is not feasible [IEA, 2020].
al ways bl ow and t hlthoughthare is lsige@dpacigy linvalatlyee o u t
of these areas, they are all inconsistent forms of power generation and do not have the
versatility of providing an increased demand or reducing when demand is low. This is
termed Variable Renewable Energy (VR&hd it has to be combined with System
Integration of Renewables (SIR) to maintain grid electricity supply [IEA, 2020]. SIR
strategies are becoming more important as the VRE share increases. Additionally, as
the heat, transport and power generation secba@rge, electric vehicles and CHP, this
will also increase the need for effective SIR strategies [IRENA, 2018] [IEA, 2020]. In
certain countries where renewables already operate a large share of the market SIR is
the main focus to improve energy demaris.example of this is in Norway where
water storage capacity is used to control electricity demand, this is a particularly low
cost strategy being deployed effectively [Norwegian Ministry of Petroleum and
Energy, 2019].

Geothermal and nuclear both haves tadvantage of being independent of
weather and time of day, howewbeyare not versatile enough to be used when there
are surges in electricity demand. Biomass however offers the versatditgbustness
to be fired according to demand. Additionalbypmass is the only source which can
be used directly as a fuel to supply energy in all of the sectors. Thet@torass is

an instrumental part of the future energy strategy.

1.1.4 The Role of Renewables in the UK Energy Sector

In the UK ambitious tagets to have a neero economy by 2050 has driven
significant changes in the energy landscape. Of these changes, the greatest impact has
been in the power generation sector, between Jun8-ZB emissions from

electricity generation have fallen by 46%taffell, 2017]. This has been from the
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displacement of coal with gas and a dramatic increase in the uptake of solar, wind and
biomass which contributes up to 45% of energy demand [Staffell7].20his
replacement of coal has mainly been drivepdljcy from the UKgovernment which
haslimited the use of coal with all permits ending in 2024 [BEIS, 2020]. Additionally

the introduction of Renewable Obligation Certificates (ROCs) in 2002 has steadily
encouraged the increased use of renewable sources ef generation, this is done

by claiming ROCs which can be sold at premiunvestment in energy from waste
(EfW), hydrogerand continued investment in offshore wind power in the North Sea

aims to continue this progress [BEIS, 2020].

Additionally, receh announcements from the UK government to convert all
petrol supplies to an E10 blend by September 2021 are driving change in the
transportation sector. This is targeted at reducing transpoere@@sions by 750 000
tonnes per yedDepartment for Transply 2021] This has been accompanied by a
£15 million investment to replace aviation fuel with fuel manufactured from

household wastfepartment for Transport, 2021]

The space heating sector, which accounts for 37% of the UK energy sector,
has had lessuccesst converting to renewabl¢Snergy Catapult, 2020TThe UK is
the second highest user of natural gas for heating systems in Europe [BEIS, 2018].
Recent trial projects injecting hydrogen into the natural gas network are underway but
this isstill in the development pha$d M Power, 2020] Alternative options include
smallscale heating systems (localised pellet boilers and CHP systems) or domestic
stoves.Renewable Heat Incentives (RHIs), introduced in 2014, has encouraged the
decarbonisatio of space heating by paying system operataysaaterly payment for
every kWh of renewable heat produced [BEIS, 2020]. However, this system has
received a lot of criticism in Northern Ireland as the scheme was not properly regulated
resulting in the prie per kWh exceeding the cost of the fuel and thus people were
profiting from heating their homes at the cost of the tax payer [BBC, 20h8]use
of traditional biomass on domestic stoves is an attractive prospect of replacing fossil
derived CQ emissionsvith renewable emissions however, as current data shows this
action of decarbonising heat is causing devasting effects on air quality. 38% of
particulate matter below 21én (PMp.5) comes from combustiomdiousehold stoves
(closed systems) and open fifg&itchell et al., 2019]In December 2020 a UK court
ruled that the cause of death frenyoung asthma suffer was from breaches of PM
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ambient air quality limitg§Noor, 2020] Use of such systems tends to be driven by
aesthetic and financial reasons andaickle the irresponsible use of such systems the
UK government has banned the use of coal and wet fuels on such S)BEFRA,

2020} Alternative fuels such as agricultural and food processing wastes are of
increasing interest because of the more faafolercircular economy of these products,
however more data and informatiane required to understand the emissions from
these fuel§DEFRA, 2020] This information is critical in the development of a
strategy for the future of these systems which resobhes tension between

decarbonising heat and preventing a decline in ambient air quality.

1.2 Biomass

1.2.1 What is Biomass?

According to the Oxford Englisbictionarythe natural definition of biomass
is the volume or weight of organisms in a given aieserms of energyi, it is defined
as organic matter used as a fuel. Although this definition does not explicitly say that it
Is renewable, it implies that the organic matter comes from a living source which is

dependent on sunlight and not from organitmtae r buri ed i n the eal

Biomass is a term that covers a variety of living organisms. It can be broken
down into categories which often vary but are usually woods, herbaceous and
agricultural biomass, aquatic biomass, fruit bearing biomassahresidue and waste
[British Standards Institute, 2014] [U.S. Department of Energy, no.daksg is
discussed more in section 2Waste is a more complex area because of the variability
of material sources. Sectors such as industrial wood waste froietumills is a
consistent material so can be considered as biomass, often included as wood, however
household waste (municipal solid waste) is a mix of biogenic and fossil material [IEA,
2003]. Therefore, is usually only determined as biomass if more50%mn of its
content is from a biogenic source [IEA, 2008jood processing wastes are an
attractive source of biomass because of their increasing availability, superior
economicaspects (circular economy) and lower carbon investment from cultivation,
treament and transportatio@onservation biomass generated from land management
to improve the local ecosystemssa current area of interestdis often burned in open

fires outdoors Utilising this biomass as fuel in local heating systems would harness
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both the energy content and control emissions with improved conversion techniques

or pretreatment.

1.2.2 The Structure of Biomass

The biological composition of biomass is made up a series of polymers in
various forms including cellulose, hemicellulokgnin, starch, triglycerides and fatty
acids. The former three make up the majority of the structure and are termed
lignocellulose, Fig. ILO[Hasanov, Raud and Kikas, 2020]. When the structure in Fig.
1.10is broken down the components can be used to make chemicals or converted to
energy by completely breaking down the polymer chains. Although there is some
variation between species the typical content is 40% cellulose, 25% hemicellulose, 15
25% lignin andup to 10% other elements [Brartilbot et al., 2017].
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Figure 1.10: Structure of lignocellulosic biomass [Hasanov, Raud and Kikas,
2020} Labels S, H and G are primary lignin monomers described in Fig. 1.11.

Cellulose is an insoluble polysaccharide formed from the monorgéuddse.
D-glucose monomers are bonded together by glycosidic bonds to form repeating units
consisting of two monomers called cellobiose [Bai, Yang and Ho, 2019]. Long chains
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of repeating nits are called glucans, each glucan can consist of 10,000 glucose
monomers. Hydrogen bonds form intand intramolecularly as shown in FiglQ.

The crosslinking of parallel polymer chaiisdy intermolecular hydrogen bonds and
Van der Waals forces fors microfibrils [Bai, Yang and Ho, 2019]. The packing
density of microfibrils can result in the structure being crystalline (tight) or amorphous
(loose) [Gudka et al., 2008].

Hemicellulose is a heteropolymer made up of small linear and branched
polymer dains (up to 500 units), monosaccharides, these include hexoses (D
galactose, Bjlucose and Bnannose), pentoses{@abinoses and-Ryloses), deoxy
hexoses (galactose) and related sugar acids [Hasanov, Raud and Kikas, 2020].
Hemicellulose polymers are sdile in dilute alkali [Gregory and Bolwell, 1999]. The
variety of hemicelluloses vary between biomasses, for example hardwood is mainly
composed of xylans, whilst softwood is composed more of mannose and galactose
[Asif, 2009]. Hemicellulose is an amorplstructure which can be classified as either
watersoluble low hydration polysaccharides or hydrocolloids [Brunner, 2014]. The
former stabilises the cell wall by hydrogen bonds with cellulose and covalent bonds
with lignin and acts as a glue between tlodymers. Hydrocolloids act as storage

pockets for energy and water [Brunner, 2014].
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Figure 1.11: Main lignin constituents: (A) monolignols and (B) monomers.
Arrows indicate more reactive sites and dashed lines less reactive sites [Hasano,
Raud and Kikas, 2020]
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Lignin is an aromatic polymer, phenylpropane, comprising of monomers
coniferyl alcohol, sinapyl alcohol and coumaryl alcohol [Vanholme et al., 2010]. Itis
key to plants as it gives the plant strength, structure to the vascular system in xylem
and prevents degradation from enzymic activity [Yoo et al., 2017]. The degree of
pol ymerisation is unknown because | ignin
primary structure. It contains many crdggkages from functional groups such as
aliphatic hydroxyl, phenolic hydroxyl and methoxy groups [Chio et al., 2019]. The
makeup of lignin in hardwood (mostly synapyl alcohol units) differs from softwood
(mostly coniferyl alcohol units) [Li, Carlon and Lacis, 2014]. Fig.11shows the
monolignols and themonomers which contribute to lignin structures [Hasanov, Raud
and Kikas, 2020].

As well as the organic components (C, H and O) N is a key nutrient in biomass.
Uptake, assimilation, storage and transportation of N is critical to biomass growth and
dewelopment and is therefore often applied as a fertilsecumulation of N in trees
has been shown to be dependent on the biosynthesis of glutamtins associated
with the formation of vascular systems in stems and roots and chloroplasts in leaves.
Othe inorganics(S and Clyand ash compon&n(K, P, Na, Ca, Mg, Al, Mn and Si)
are also taken upy biomass some of which are key to plant metabolism and growth
or can be detrimental in large quantities, this is discussed more in section 2.2.3.

During convesion degradation of the biomass structure results in the reaction
of various components and in some cases theidesirable emission The
concentration of various species, the conversion method and parameters influence
their release, this is discussetbre in relation to combustion in section 2Bre
treatment of biomass cg@mevent the release the of these species by removing them or

binding them into the char/ash matrix, section 1.3.1 and 2.4.

1.2.3 Why Use Biomass?

As discussed in section 1.1.3, biass is fundamental to the future of energy
sustainability because it is the omgnewableenergy source that can consistently
provide energy and be used when surplus energy is required. However, there are other

factors that support the use of biomass.

The main advantage of using biomass is that it is considered to be carbon
neutral. The carbon emitted through combustion, which formgi€@ken in during
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photosynthesis and returned to the plant structure. This cycle results in no net carbon
being emited to the atmosphere preventing global warming eff€aidoon emissions

from the processing and transportation of biomass can have a heavy influence on the
neutrality of this process arithve to be considered through LCA to determine if a
feedstock is ntecarbon neutralcarbon emitted through the lifecycle of the feedstock

is less than or equal to the carbon drawn in through its grolmtiapdition, silphur
emissions are usually lower for biomass compared to coal which reduces problems
with acid rain ad photochemical smoglrhe Industrial Emissions Directive has
recently reduced the emissions limit to 150 mgNier NOx which is unattainable

with the use of coal but possible with ldwbiomass [Birley et al., 2019].

Another advantage is that biomas besustainable, it can be regronwas
long as strict harvesting practices are implemented to preventsauhange and
ecosystem damagdhis is extremely important as the concept of sustainability
includes both energy and material factors. In terms of energy, although feedstock
resources can vary, biomass grows fast which can overcome these issues.
Additionally, agricultural waste and biogenic municipal waste can reduce the need for
landfill which is more harmful to the environment. In terms of mateb@isass has
some advantages compared to other renewdblesxample expensive extraction of
rare mineralsvhich are required to manufacture solar cells, fuel cells, and batteries
are in low supply and can cause more environmental damage through mining
[Vandepaer et al., 2019].

Traditional systems designed for use with coal, oil and gas can be converted
with lower capital investments to be run on biomass or biofuels. Examples of this
include conversion of coal power station boilers to use biomass, combustion of oil,
bi ofuel or biogas in | CEG6s for transport
and inpcting biogas into existing turbine systems [Moliere, 2005].

Globally traditional use of biomass for cooking and heating is still a necessity
for many, especially in developing countries. Although current schemes are trying to
promote the use of LPG anddern biomass systems, cost and technical problems are
preventing effective implementation and instead many communities are reverting back

to the use of traditional biomass(iez et al., 2020]. Even in the more developed
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world, biomass is still being used an essential means to heat spaces in more rural

communities that cannot access nationalised gas and electricity networks.

Biomass can also be used advantageously to remediate contaminated land and
irrigate process effluents which would otherwise comame water sources. This is
done through the process of phytoextraction (also called phytoremediation) [Pulford
and Watson, 2003]. This can prevent the need for mechdarnzhlaeration or soil
replacement techniquabkat would require significant energgput [Pulford and
Watson, 2003].

The sustainability of biomass @current important questicand istypically
assessed using life cycle analysis (LCA). Kadiyala, Kommalapati and Huque [2016]
showed that GHG emissions per unit of energy over the liéetifra fuelincluding
cultivation, harvesting, transportatidhe formation opdlets and then conversion to
form energywas lowest for industrial residues such as sawdust pellets 45.9% gCO
kwh, Compared to dedicated energy crops, 208.41.gG@h?, this is a 75%
saving in GHG emission&adiyala, Kommalapati and Huque, 2016Jonservation
biomass is also an area of interest however there is insufficient data on practices and

emissions to assess these in comparison to other traditional fuels.

Residwes and wastes are a particular area of interest because they will often be
either incinerateth open firedor disposal or sent toontrolled incineratiohénd fill.
In both cases the uncontrolled formation of GHG is an important consideration in the
carlon balance and harnessing the energy from these matéria@3A from cradle
to-gate study by Pfaglrilling, Volk and Fortier [2021] onmEfW facility diverting
material from land fill showed that on electricity generation only the GHG emissions
were 775gCOe kWh?, this is significantly higher than industrial residues or energy
crops discussed earlier. Howewahen the GHG savings are included from diverting
from landfill the net GHG emissions were calculated at 84.5,g&@Wh* and this
could be redued further, 63 gC&& kWh?, when ferrous metals were separated out
for recycling[PfadtTrilling, Volk and Fortier, 2021]This only assessthe GHG
emissions but additional environmental gains include preventing contamination of
land amd water systems from landfill leachaad longterm ecosystem damage from
mechanical activities. These fuel sources do have their problems ashssé are

discussed in section 1.4.
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1.3 Biomass Conversion Processes

There are many different process options to convert biomass to energy.
Primary stages of processing convert the raw biomass to a more useable fuel by
improving the chemical and physical propest Following this the fuel is converted
by thermochemical processes to release biogaspibiand heat. Thermal pre
treatment processare also thermochemical processes but in the context of this work,
pretreatment refers to the production of a s@aimbustible fuel product instead of

production of a gas or liquid.

1.3.1 PreTreatment

1.3.1.1 Drying

After biomass is harvested, it is very high in moisture, this can range from 15%
in cereal straws to 90% in algae. Moisture is problematic sindees$ ghe biomass
more elastic mechanical properties and can causéealing during storage or in
milling processes. It is also less efficient and profitable to move biomass that is high
in moistureand also cause poor combustion efficiency and ign[tuite-Allison et
al., 2019] Therefore, the biomass goes through various drying processes depending
on its end productAmbient drying will reduce the moisture down to an equilibrium
with its local environment however this takes long residence timesilistilivequire
further drying.

The most common process is to use a conveyor drying system where hot air
is drafted in either a eourrent, cros€urrent or countecurrent direction to the
biomass being carried on the conveyor. This system uses fovogention to remove
moisture which is a faster and more thermodynamically efficient process. Because of
the shorter residence time in the drying zone, this process is only suitable to biomass
with a high surface area to volume such as wood chips, lstaalws, processing

residue (sawdust, olive cake and rice husks), grasses and shrubs.

For larger fuel products such as wood logs, where the surface area to volume
is much lower, continuous process systems are not suitable. Drying of these products
requres long residence times to allow heat, air and moisture to transfer and diffuse
through the body of the wood log. Wood logs for use in residential and local solid fuel
appliances are described as either fresth) seasoned or kiln dried, the name is given
based on the treatment of the wood. According to FXitigon et al. [2019], fresftut
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logs have a moisture content of more than 40 wt.%, seasoned (dried in ambient
conditions) between 285% and kiln dried <20% (dried at above G).

Very wetbiomass (>45 wt.%) is usually not dried because of the high energy
requirement&osts (approximatel£100000 per year to dry biomass from 60 wt.% to
24 wt.%) [Han, Choi and Kim, 202@hd instead used in thermal hydrolysis processes
to produce biogas (biosthane or biohydrogen) and hydrochar. Hydrochar is
discussed in more detail in section 1.3.1.3.

1.3.1.2 Densification and Size Reduction

Densification increases the bulk density and thus improves the energy content,
the transportation efficiency and thisrsge/handling capacity. There are three main
mechanisms for densifying biomass: extruding, pelleting and briqudttiegch case
the biomass is first reduced in size by shredding, chopping and/or midkirgision
uses a screw mechanism to compresshibmass patrticles together. Pelleting pushes
biomass material through open ended die holes and briquetting uses either a hydraulic
press or rollers to compact the material into briquette moulds or dies.

For a briquette or equiektheuse ofadbindenThed it s

binder can be a chemical that is added which helps the densified biomass to set such

as phenolic resin, or it can be from natural mechanisms within the biomass. Lignin is

a natural binder in biomass that when mildly hedf€}200 C) softens to bind the

biomass together by interlocking particles. Moisture is also a binder by increasing
chemical bonding between particles through hydrogen bonds and van der Waals forces
[Kaliyan and Morey, 2009]. Depending on how durablepiiéets/briquettes need to

be, remembering that sometimes they have to be broken apart again after transporting,

will dictate how they are bound together.

The particle size also influences the mechanical strength and durability of the
pellets/briquettesSmall and flat particles reduce the number and size of space voids
that can form during densification [Kaliyan and Morey, 2009]. Typically, biomass is
broken down to particles less than 5mm in dimension before being pelleted or
briquetted. This can be de using cutting mills (shredders) or ball mills, the latter of

which forms smaller particles.
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1.3.1.3 Thermal PreTreatment

Thermal pretreatment goes beyond drying and the removal of excess moisture
to cause irreversible chemical and physical chanyesnentioned before these are
described in relation to the formation of solid fuel products. A Van Krevelen diagram
shown in Fig 1.12 describes the process of coalification, the natural process of coal
production by pr essur,wehem fuels bbcensetmore carbdnh e
rich through dehydration and decarboxylation [Guo et al., 2017]. Depending on the
severity ofthermal pretreatmentconditions, raw biomass can be transformed to

perform more like coal.

Torrefaction is a mild pyrolysis pcess. Temperatures between-200 C in
either reducing (more common) or oxidising environments are used to dehydrate and
thermally decompose all the hemicellulose and approximately 70% of the cellulose.
This process releases low calorific value volati#ss either tars or vapours but
concentrates the carbon and energy content of the biomass producing a dark solid
residue. The severity of torrefaction is controlled by the peak temperature and
residence timgBridgeman et al., 2008]The benefits of torretdion are increased
energy density and thermal stability. Torrefied fuels are hydrophobic so are easier to
store and less at risk of séléating, as well as having improved mechanical properties,

more plastic and brittle, for milling and size reductjiakinrinola, 2014]

Biochar productionis a similar process to torrefaction but uses increased
temperatures (30650 C) and longer residence times to remove all the volatiles. It
must be performed in an inert environment. This increases the carbon andent
aromaticity of the fuel, and also improves the grindability, porosity and energy content
[Wang et al., 2019]. Biochar can be fired into combustion systems but is also regularly
used as soil conditioners for carbon sequestration. The ash concentgtion i
significantly increased in biochar and can lead to high emissions of particulate matter

in combustion systen{8Vang et al., 2019].

Hydrothermal Carbonisation (HTC) submerges biomass into water which is
pressurised (8 MPa) and heated (1880 C) for 5240 minutes [Arellano et al.,
2016]. The process can produce oils by liquefaction and the process waters can be
used in anaerobic digestion to produce biomethane or biohydrogen. The hydrochar

produced has an increased energy content and has a decredsat afaaikali and
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alkaline earth metals (AAEMs) [Kambo and Dutta, 2015]. The main issue is that HTC
has to happen in a closed system because of the pressure effects when trying to load
fresh material into the reactor [Abelha et al., 2019]. Additionat, hydrochar
produced in HTC is removed as a slurry which requires dewatering and then thermal
drying. In the most sever conditions, high temperature and pressure and long
residence times, a solid product similar to bituminous coal is formed.

18} Biomass
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Figure 1.12: Van Krevelen from Ronsse, Nachenius and Prin015] modified to

show position of torrefied fuels, biochar and hydrochar

Atomic H/C ratio

Fig. 1.22, which is modified fronRonsse, Nachenius and Pri@815], shows
where the three types of thermally treated fuels fitaoWan Krevelen diagram
compared to coal. Bioch& resemblat of coal(in terms of compositionphydrochar
is most likelignite andbituminouscoal under extreme conditiswhilst torrefied fuel

is similarto peatand lignite(severe torrefaction)

1.31.4 Washing
Biomass washing is focused on removing asburface washing aridaching
Alkali and alkaline earth metal€l, S and Nevels are reducaasing water or an alkal
or acid mediunjCarillo, Staggenborg and Pine@814] Removal efficiencie can be
improved by using, acids and hot waj@arillo, Staggenborg and Pinedz014]
Washing has been used on agricultural biomass such as straws and grasses but more
recently fastgrowing woods such as short rotation coppice wil[dw et al., 2014]
Biomass grown on contaminated land and waste woods from indudtigh are

higher in heavy metaldave also benefitted from washing making them more useable
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[Abelha et al., 2019]Emissions from washed biomass can be improved by removal
of Cl, S and K with are key to fly ash formation, this reduces PM emissions and can

reduce the slagging and fouling effects [Gudka et al., 2016].

1.3.2 Thermochemical Conversion

1.3.2.1 Combustion

Combustion is the reaction of carband hydrogenn fuel with oxygento
release energy. Combustion can be done with solid fuels, oils or gases, the former is
the focus of this work. Géring of fuels is common in power generation but less so
in smaller systems such as pellet boilers and stoves. The main products of mmbust
are CQ, HO, CO and smaller amounts of GHOx, SQ, unburnt hydrocarbons and
particulate mattefWilliams et al., 2012] The concentrations of these emissions are

dependent on the combustion system and the fuel.

Large scale systems in powstations such as fluidised beds, fixed beds,
moving grates and pulverised fuel boilers fire the fuel into the combustion zeme wh
it rapidly heats up and reag¢Williams et al., 2012] The hot flue gases heat water in
a heat exchanger known as a suptér which produces steam to turn the turbine by
thermal expansion. The flue gases are emitted to the atmosphere after a series of gas
cleaning stages such as catalytic reducti@bectrostatic precipitationand
desulphurisatiogNdiema, Mpendaoe and Wdims, 1998] Bottom ash is removed
from the furnace and used as a material in the construction industry or sent to land fill.
The main obstacle in large scale systems is to increase the rate of heat transfer and
mixing to increase the efficiency of combost whilst a continuous feed of fuel is
being addedMason, 2016]

Smaller localised systems which are designed to supply heat and power to
communities in areas without access to national utilities also use steam generators and
boilers. However, the sysn is much smaller and there are no mills which can reduce
the fuel particle size, so pellets, chips and coarse fuel particles are directly loaded into
the boiler by a conveyor systdhosek et al., 2020]The boilers are fixed bed systems
to increase theesidence time and improve the conversion efficighgyousy et al.,

2013] Bottom ash often has to be manually removed from the boiler. Because of the
size restrictions, flue gas abatement technology is usually reduced to a single
electrostatic precipitar for PM and fly ash, in a few systems flue gas recirculation is
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used to reduce NOx emissidhémousy et al., 2013]Pretreated fuels are particularly

useful in these systems to prevent large emissions of NOx arjtl&ek et al., 2020]

The smalles combustion systems are domestic stoves. These are used in
households more commonly for heating but in the developing world they are important
for cooking[Ozgen et al., 2014]rhis includes open fire systems where fuel is placed
on a slab and combustedthvno barrier between the user and the flame. In Europe
there are over 70 million solid fuel appliances most of which are outdated [Clean Heat,
2016]. Batches of fuel are loaded into a combustion zone and left to combust until the
temperature drops whenone fuel is added or left until combustion ends. Because the
system combusts in cycles with a hot flaming phase followed by a smouldering phase
when the stove cools, emissions do not stabilise and instead peak at different stages
depending on the radiatiferces, temperatures, particle sizes (surface area to volume
and porosity) and stoichiometfjRoy and Corscadden, 2012Lommonly, these
systems haveamabatement technology and all combustion is through diffusion which
means there is more incomplete carsiiton and emissions can be more varied. Fuel
composition is critical in such systems to reduce emissions and improve combustion

performancgRoy and Corscadden, 2012]

1.3.2.2 Pyrolysis

During pyrolysis fuel is heated in an inert environment (@fse of oxygen)
to producea mix ofchar, oil or gasthe relative amountiepending on the temperature,
heating rate or residence timpdohan, Pittman Jr. and Steele, 2006hble 1.5
summarises the different operation methods to produce the varioug{zothe oil
can be used in reciprocating generator engines or converted to produce biofuel such
as biodiesel, bioethanol or aliphatic fuel oil. The gas produced contaip<OCH H,
H>O and CQ, there is also a lot of tar and more complex hydrocarbooduped
which, based on recent researcdan be cracked and reformed using plasmas to

upgrade the syngas [Blanquet, Nahil and Williams, 2019].

27



Table 1.5: Products of various pyrolysis processes [Mohan, Pittman Jr. and
Steele, 2006]

Pyrolysis Residence Heating Temperature Products

Technology Time Rate ®)
Carbonisation days Very 400 Charcoal
Low
Conventional | 5-30 mins Low 600 Oil, Gas, Char
Fast 0.55s Very 650 Bio-Oil
High
Flash-Liquid <1s High <650 Bio-Oil
Flash-Gas <ls High <650 Chemicals,
Gas
Ultra <0.5s Very 1000 Chemicals,
High Gas
Vacuum 2-30s Medium 400 Bio-Oill
Hydro- <10s High <500 Bio-Oil
Pyrolysis
Methano- <10s High >700 Chemicals
Pyrolysis

1.4 The Problems with Biomass

Biomass is an important part of ttransition from fossil fuels to renewables.
It is widely accepted that biomasdlvglay a vital role in this transition which includes
using biomass for heat, transport fuels and in power generation. However, there are
some problems and obstacles with tise of biomass. From a social point of view
land use change is a great concern. In OECD countries this is changing land use from
food production to growing energy crops whilst in Sedtst Asia and South America
the land use change is from rainforestnergy crop farmgviatthews and Tan, 2009]
Legislation in Europe has been introduced to try and prevent the use of energy crops
grown unsustainably or with a net negative environmental impact, which has increased
the use of waste and residibmtthews ad Tan, 2009]Additionally, the felling of
trees and preventing carbon sequestration in soils is also reducing the sustainability
credentials of biomass[Spracklen and Righelato, 2016]Therefore the
implementation of biomass requires the use of fuelh vaetter sustainability
prospects to prevent land use change and minimise the use of trees which act as large

carbon sinks.

As discussed in section 1.2.3, residues and wastes offer an alternative with a
better sustainability outlook which will help debanise the energy sector. However,
the hgh variability of biomasss creating air quality concerns particularly from their

combustion in small scale biomass systems and closed and open Biovesss,
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compared to coal, has a higher concentration of ttn@sand volatile matter which
increases the amount of incomplete combustion and the formation of particulate matter
[Mitchell et al., 2016] [Pric&llison et al., 2019]. The ash content is also highly
variable and can often contairgh concentratiosof volatile metalsand inorganics

such as K, ClI, S, Nand Znwhich canincrease particulate matter formatjaMilliams

et al., 2012] The use of residues and wastes exacerbate this issue as they can often be
contaminated with volatile heavy metals suak &d, Cr, Hg, Pb and Cu. These metals

are a major health concern risk especially in domestic heating systems where users are

positioned close to the stojdalvanidis, Fiotakis and Vlachogianni, 2008]

The Department for Environment, Food and Rural Affairs hdewetified that
coal and wet wood are responsible the high concentrations g PMirban areas
(more than industrial combustion and transport combimedl have targeted this
reduction by banmig the use coal and all wood must have a moisture content below
20 wt.%[Mitchell et al., 2019] In addition to these laws, DEFRA have created an
approved fuels list which must be adhered to in smoke control zones. There are many
fuels on the UK market thaare not approved on the list including agricultural,
industrial and food processing residues and conservation biomass because more
research is required to understand their combustion performance and emissions in
stove systems. With more research any eomg with the use of these fuels could
potentially be addressed with eitherqmeatment or changes in the physical properties
of fuels. This will increase the inventory of approved fuels and introduce more

sustainable fuel sources.

Pretreatment of bimass is an area of research with increasing interest.
Moisture and ash in biomass are undesirable since it reduces the efficiency of
operations such as transportation and can make storage, hasaltingpmbustion
more difficult. These issues often mearLDA large amounts oénergyare used in
the preparatiorfin particular milling)and transportation of biomag8fadtTrilling,

Volk and Fortier, 2021]Targeted préreatment could resolve these issues improving
the sustainability credentials and emissimos combustion. Prreatment could also
increase the inventory of fuels available by allowing the use of fuels grown on

contaminated land (land unsuitable for growing food and in need of remediation).
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It is clear from current policies and research thate are large holes in the
effective implementation of biomass in particular in the space heating sector. Whilst
the UK is a nation that predominantly uses natural gas, there are greater concerns to
the environment and human health from combustion bf doels [BEIS, 2018]
[Mitchell et al., 2019]In order to address some of these gaps it is important to assess
the use of fuels that prevent land use change and deforestation. Additionally, by
combining the energy sector and other industrial sector8ragydaogenic waste, new
practices and infrastructures can be made to reduce waste and improve the carbon
balance across the energy and industrial seclbis.also includes biogenic material
created from conservation and agricultural practices. HowaNex,this is dependent
on understanding the performance and emissions of these materials in theseend
system, and without this information all of these potential new routes to decarbonising

the economy are redundant.
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1.5Thesis Aims and Objectives

As energy consumption transitions to renewable fuels, the use of biomass will

increase. The only way to fulfil this demand is by using a variety of biomass including

the use of agricultural and commercial wasi&ismass for suplementary heat has

seen a resurgence in the UK in recent yeatis drivers including decarbonisation,

economics and aesthetics. However, much of the biomass use has been in open fires

or poorly controlled, simple stoves, whichdassiimpacting air quality articularly

in urban areas. This has prompted the emergence of novel fuels into the market

alongside traditional logs and charcoal. This thesis seeks to understand how cleaner

fuels might be developed particularly from novel sources including food progessi

residues and wasteBherefore, the aims are:

1.

To study the emissions from combustion of various biomass on a domestic
stove.

To investigatethe impacts of préreatment, by torrefaction and washing, on
the fuel quality.

To assess the suitability ohconventional novel biomass for combustion
applications.

To evaluate the impact of chemical composition on the emissions and

performance of various biomass combusted on a domestic stove.

To achieve these aims, the objectives are:

T

T

T

To measure the chemicabmposition of common biomass fuels (willow wood
logs, short rotation coppice willow, spruce and olive stone), torrefied biomass
(torrefied willow, torrefied spruce and torrefied olive), washed biomass
(washed SRC willow) and biomass wastes (spent coffaengs and bracken)

by using proximate, ultimate (CHNS) and metal analysis (ICP and IC).

To classify the biomass being investigated by comparing to existing data and
data in standards.

To measure the combustion properties (kinetics, burning rateJamgéh of
combustion phases and heat releas#é)g thermogravimetric, single particle

combustion and stove combustion experiments.
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1 To investigate the gaseous and particulate emissions from combustion of all
the fuels on a domestic stove andtoduce adble of emission factors that
will compare them to current standards.

1 To summarise the fuel properties, chemical and physical, which have the

greatest influence on the emissions

1.6 Thesis Outline

Chapter 1- This chapter gives an overview of the energgtsr and how biomass fits

into our energy futures. It introduces current problems such as global warming and air
pollution, what biomass jsvhy it is importantand some of the associated problems
and current technologiesThis demonstrates why the resgarin this thesis is

important and relevant to the successful use of bioenergy.

Chapter 2- Contains a literature review of fuel properties, characterisation, pre

treatment, combustion on domestic stoves and emissions.

Chapter 3- Outlines the biomassaterials studied and experimental techniques used

in both fuel preparation and analysis.

Chapter 4- Compares the composition and combustion of untreated spruce, willow
and olive residue and their torrefied counterparts. Differences in the chemical and

physical properties are used to explain the differences in emissions.

Chapter 5 Presents data from an investigation into the use of spent coffee grounds in
domestic combustion applications. Composition and emissions from stove combustion

are used tadentify if spent coffee grounds are suitable for domestic use.

Chapter 6- Examines the agronomy of bracken collected over an annual cycle and
how it compares to other agricultural residues and traditional biomass. Their potential

for use in various comistion systems has been analysed.

Chapter 7- Analyses the changes in composition frompeating SRC willow grown
on contaminated land by washing and torrefaction and their application in domestic

systems.

Chapter 8- Concludes the oveltdinding and discusses their relation to current policy.

Future work suggestions are recommended.
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Chapter 2. Literature Review

In this thesis the composition and combustion propertié=ditional, waste
(spent coffee grounds and bracken) andtpgated (torrefied and washed) biomass are
investigated. The chemical composition of biomass is highly variable and dependent
on a number of factors including harvesting period, growing condjtibagart of the
plant and plant genetics. Combustion of b&ss is seen as a carboeutral
replacement for coal; however, biomass has a higher moisture content and lower
calorific value meaning to achieve the same energy production more biomass has to
be used [Darvell et al., 2010]. Additionally, biomass is oftegh in alkali metals
meaning its tendency to form metal aerosols is high. This chapter summarises the
characteristics of biomass and their combustion properties. Later in this chapter, there
is an overview of préreatment technology and discussion onsaifrthe current work

on combustion of pr&reated fuels.

2.1 Characterisation of Biomass

To effectively use biomass, characterisation is instrumental. This is a complex
subject because biomass is so variable, therefore it is constantly under reviasw and
area of research interest. Biomass is most commonly defined by its feedstock. The
International Organisation for Standardisation (ISO) defines five categories in 1ISO
172251 [2014], which are woody biomass, herbaceous biomass, fruit biomass (fruit
bearng), aquatic biomass and blends and mixtures. Within the former three categories,
subcategories based on whether the biomass is sourced directly from the harvest, a
by-product or is a blended product are used to distinguish between biomass of the
same tye but of different qualities. Similarly, Vassilev et al. [2010] collated data from
manysources for various biomass and instead came to the conclusion that there were
six categories of biomass which included woody biomass, herbaceous and agricultural
biomass, aquatic biomass, animal and human biomass wastes (faeces), contaminated
biomass, and industrial wastes and biomass mixtures. The two key differences
between the categories defined by the ISO standards and those described by Vassile
et al. [2010] ardhat fruit biomass is included in the herbaceous category and the
inclusion of biomass derived from industrial wastes such as chipboard, municipal solid

waste and papguulp. The inclusion of wastes that can be used to make solid recovered
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fuel (SRF) hasts own standard, BS EN 15359:2011, which includes a very strict set

of specifications, classifications and rules for use of such materials.

The classification of biomass is of greatest importance when trading solid
biomass fuels, ISO standards 17225 &7 [2014]. Low grade fuels with high
moisture, ash, nitrogen, chlorine and sulphur contéatge greater potential for
emissions of NOx, SQHCI and PM as well as a greater tendency of slagging, fouling
and corrosion and henceetail at lower pricesWithin the solid biofuel trading
standards, physical properties are also specified. The form in which the biomass is
supplied is a primary defining feature e.g., briquettes, pellets, chips or logs. Secondary
to the supplied form, the dimensions, densidytiple size, mass of fine material and
mechanical durability are considered. These features are not only for woody biomass
but apply to all five categories described earlier. Concentrations of heavy metals (As,
Cd, Cr, Cu, Pb, Hg, Ni and Zn) are also siyed. These are both guides for the quality
of the biomass as well as regulating limits. These limits are particularly important for

determining if a biomass is contaminated.

Thermally treated biomass, such as torrefied fuels and charcoal, have a
separat specification [BE EN I1ISO 17228 2016]which recogniseshe increased
energy and ash content. Within this standard, there are two tables which relate to
woody biomass and the herbaceous, fruit and aquatic respectively. The physical

properties are not osidered within this standard.

2.2 Composition of Biomass

The chemical composition is fundamental to understanding and predicting the
performance of solid biofuels. The chemical composition of biomass is highly variable
since it is a function of both natural (authigenic and detrital) and anthropogenic (man
made) processes. Biomass compositiondisc o mm adefineg dy three analyses:

proximate, ultimate and mineral analysis discussed in the following sections.

2.2.1 Proximate Analysis
Proximate analysis measures the moisture, volatile matter and ash contents of
biomass, the fixed carbon is calculated by the difference, Eggeétlsection 4.3.1 for

more detailsThe moisture content of biomass is an important factor as it reduces the
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energy content and prevents efficient handling, transportation and combustion.
Moisture can be measured on an as receivedlrigid or overdried basis, aidried
being the most common, and is typically in the range-@3 3vt.% depending on the
type of biomass. In some exceptional cases of fresh cut biomass, the moisture content
canbe as high as 80 wt.%. The moisture in plants comes from the living cells and is
important for the transportation of minerals and glucose [Vassilev et al., 2010].
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Volatile matter is typically 2.7 timeigher in biomass than in coal, ranging
from 4886 wt.% db [Vassilev et al., 2010]. Volatiles are the gases and vapours
released during thermal decomposition, termed devolatilisation or pyrolysis
depending on the environment. These include carbonaceatisspech as CO, GH
unburnt hydrocarbons, PAHs and soot as well as inorganic aerosols and pollutants
(NOx, SQ and HCI) [Williams et al., 2012]. Volatiles react in the gas phase through
homogeneous reactions with oxygen, these reactions occur veryygaiutl are
responsible for between 4% of the energy released [Williams et al., 2012].
Combustion of volatiles produces a luminous flame; the colour of this flame depends
on the mixing and oxygen availability. Premixing the fuel with pure oxygen produces
a blue flame (more complete combustion) whereasmoshg with air produces a
yellow diffusion flame. Because the reaction in the gas phase is so rapid, the process
is dependent on the rate at which volatiles diffuse from the biomass and the subsequent
convection to the combustion zone above the fuel particle surface [Jenkins et al.,
1998]. This is dependent on many factors including the fuel particle size, moisture
content, residence time, heating rate and temperature [Douglas Smoot and Baxter,
2003].

The ash content in biomass varies betweer48.ivt.% db, however it is
typically below 20 wt.%db for herbaceous biomass and agricultural residue, and
below 10 wt.% for woody biomass. Contaminated biomass by the definition of
Vassilev et al. [2010], whitincludes demolition wood, industrial sludge and furniture
waste, is much higher in ash because of paints, resins and treatment processes which
use minerals to enhance the mechanical properties and production processes. Ash is a
generic term used to dedm¥ the remaining mass after a fuel is combusted and is often
confused with the inorganic matter. Although the ash content is a useful tool for
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measuring and predicting the inorganic and mineral content in biomass it is subjective
to the combustion procesBor example, ash yield produced at above 1008
between 2670% lower than that produced in biomass ash tests aC§based on the
British Standard)Vassilev et al., 2010]This is because of the increased phase
transformations and volatilisation aforganic species that do not occur at lower
temperatures. Therefore, it is important to analyse the composition of the ash as well
as the quantity [Vassilev et al., 2010].

Fixed Carbon (FC) is the carbon that forms char after devolatilisation. This
carbon reacts heterogeneously with air during the char combustion (smouldering)
stage and makes the char glow due to its exothermicity. There is betvd8antPo
db of FC in biomass which is a narrower range than compared with coals (between
20-72 wt.%) [Vassilev et al., 2010]. Because char combustion is a slower process,
often in smaller combustion systems residual FC is left in the ash, because of reduced

conversion efficiency.

2.2.2 Ultimate Analysis

Ultimate analysis measures the concentration ofdayeelements: carbon (C),
hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O), O is calculated by difference,
Eq. 2.2. The variation in moisture and ash content has a heavy influence on the
composition of the five elements, therefore comparisons ar@lysnade on a dry
ashfree basis (daf). Chlorine (Cl) can be included in elemental andhygsieverit is

measured by a different method and can often be in very low concentrations.
PO pnmbkPd6 PO PO PY P®IQ Pdé¢ Qi 00IKR
A high C content fuel also has a high energy content, a 1 wt.% increase in the
carbon content can increase the calorific value by approximately 0.39 MJetkins
et al., 1998]. The carbon content in biomass&@Q@vt.% daf) is usually lower than in

coal (6680 wt.% daf) [Vassilev et al., 2010], however carbon densification can be

achieved through various pyrolysis processes, discussed in more detail in section 2.4.

The concentration of O is the second most abundant in bioma&® (80%
daf) but is in lowerconcentrations in faecal biomass from animals3@@t.% daf)
and coal (1680 wt.% daf); in bituminous coals it is below 10 wt.% daf. The O content
is higher in living biomass because of photosynthesis, O in glucose is used in the
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makeup of functional goups of cellulose, hemicellulose and lignin [Jenkins et al.,
1998].

The H content increases the energy content of a fuel but is present in much
lower concentrations in both biomass3 @t.% daf) and coal (8 wt.% daf) [Vassilev
etal., [2010]. Simar to O, H is used from glucose to form structural andstarctural
cellulose, hemicellulose and smaller carbohydrate chains, it is for this reason that there
is usually a direct correlation between the carbon and hydrogen contents [Jenkins et
al., 1998]

The concentration of N, S and Cl are all typically below 1 wt.% daf in biomass
but can be higher in certain types of biomass, for example in pepper plants the N
content is above 3 wt.% and in straws the CI content is betweeh Wt®6 daf
[Vassilev etal., 2010]. Fuels high in these elements emit NOx», &1 HCI. S and ClI
can be critical in the formation of PM and in slagging and fouling, discussed in
sections 2.3.2.6 and 2.3.3 respectively. All of these elements are key macronutrients
in plants, theyare critical in the formation of chlorophyll, enzymes, proteins and
vitamins which regulate a plants system such as the uptake of water, expulsion of
oxygen and protecting against disease [Jenkins et al., 1998] [Williams et al., 2012]
[Chen et al., 2010].

Fig. 2.1 is a ternary diagram from Vassilev et al. [2010] and demonstrates how
coals and different biomass elemental compositions vary. As mentioned earlier
biomass is typically higher in H and O but lower in C, this reduces the aromaticity of
the fuel and consequentlyit decomposes more at lower temperatures during
devolatilisation. As theatomic ratio of H:C and O:C increases, as shown in Van
Krevelen diagrams for coalification, Fig. 2.2 [Baxter, 1993], the energy content
decreases. This is why biomasgasitioned in the upper right corner of the diagram.
However, through prereatment biomass can move across the diagram towards the

bottom left corner, this is discussed more in section 2.4.
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0 100 WWB - wood and woody biomass
HAB - herbaceous and agricultural biomass
HAG - herbaceous and agricultural grass
HAS - herbaceous and agricultural straw
HAR - herbaceous and agricultural residue
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CB - contaminated biomass
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P - peat
L - lignite
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Figure 2.1: Ternary diagram demonstrating thenormalised wt.% compositions
of various biomass and coals from Vassilev et al. [2010]
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Figure 2.2: Van Krevelendiagram showing the coalification process of biomass
to coal from Baxter [1993]
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2.2.3 Inorganics

Extensive ongoing research into biomass ash has identified multiple
technological and environmental problems during utilisation as well as some
advantagesThe main complexity is in its composition which is highly variable and
dependent on many factors including the genetics and age of the plant, the localised
growing conditions, extraneous material from harvesting and processing and changes
during storage rad pretreatment €.g leaching) [Vassilev et al., 2017]. The main
components of biomass are C, O and H, the remaining mass is made of inorganic
constituents. Species N, S and Cl have already been discussed in the preceding section
however they commonly ostitute the next most common elements and the major
inorganic elements. Other inorganic elements that are present in biomass include Si,
Ca, Mg, K, P, Na, Al, Fe, Mn, Ti, Cu, Zn, Co, Mo, As, Ni, Cr, Pb, Cd, V and Hg
[Bostrom et al., 2012].

Before discusing these individual elements and their role, it is important to
first review what forms inorganic elements can be present as. Within biomass there is
a heterogeneous mixture of solid structures (crystalline,-cngstalline and
amorphous) and fluid (mdisre and gases/liquids involved in mineral transportation
and biochemical reactions) [Bradl, 2005] [Bastr et al., 2012]. Based on this
knowledge, Doshi et al. [2009] defined the speciation of inorganics in biomass into
three groups: (i) salts that araically bound (ii) inorganics that are organically bound
to carbonaceous material (iii) minerals that occur naturally and extraneous minerals
such as clays and soils usually associated with harvesting. Some inorganic elements
such as Ca and P can be préseanall three where as others such as Al are only found
as one species. The form in which an inorganic element is present as well as its
concentration can be used to predict its transformation during combustion, section
2.3.3.

Chemical Fractionation (QHs an established method for determining the
presence of inorganic elements. CF uses a sequential series of leaching experiments to
determine the solubility of elements in solvents of increasing strength. The main
advantage of CF is that it can effectivdistinguish between elements that are highly
volatile versus those that remain stable [Baxter et al., 1996]. The main problem with
CF is that typically only three leaching solutions are used, which can often become

acidified from organic acids within ¢hbiomass, meaning that analysis is broad and
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lacks the sensitivity for effective composition and bonding determination.
Additionally, equilibrium effects are often not considered which can have a large
influence on the result. Doshi et al. [2009] recomdsethe CEN method for waste
leaching behaviour as this uses multiple leaching experiments in the fixed pH range
between 212. This provides enough range to ensure maximum leaching of the main
inorganic elements. Although this method is effective at detenguithe nature of
inorganics within biomass, for the analysis in this work in low temperature combustion
systems, determination and quantification of inorganics from biomass and biomass

ash is sufficient.

The composition of inorganics in biomass iseliént to in biomass ash. When
a fuel combusts, the inorganic elements undergo transformations based on their
volatility, reactivity, structural presence and quantttyese ash transformations are
discussed more in section 2.3.3 [Bésiret al., 2012]. Thefore, it is difficult to
universally define whether an element is a major or minor inorganic specie, as is the
case in literature [Vassilev et al., 2017] [Bostret al., 2012]. In this work a flexible
approach was used, defining each element based oglative concentration to the
total inorganic composition. It is important to note that inorganic elements in biomass
ash are present mostly as oxides as well as small amounts of carbonates, sulphates,
silicates and phosphates [Williams et al., 2012hld&.1 lists some of the common

inorganic elements and describes some of the features.

In addition to the elements in Table 2.1, various trace metals are also present
in plants, these include Cu, Zn, Co, Mo, As, Ni, Cr, Pb, Cd, V and Hg. Some of these
elements (Cu, Zn, Co, Mo, Ni and V) are micronutrients and are important in enzyme
activity, however too much of these elements normally indicates contamination and
can be toxic. The other elements are more toxic elements which in small

concentrations redudke plants growth [Bradl, 2005].
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Table 2.1: Inorganic elements in biomass

Element Description

Si f Both organic and inorganic associatiofd’!

1 Take up as silicic acid and precipitates in mostly amorpl
forms.[d

1 Somecrystalline structures form especially if Al is present
co-precipitate [

f It boosts a plants immunity to fungal pathogens and inséc

1 More enriched in herbaceous bioma3s.

Ca 1 Both organic (e.g. carbohydrates, functional groups
carboxylic acids and oxalates) and inorganic (e.g. carbon
silicates and hydroxides) associatidfs?

1 Concentrated in bark and foliage as iprecipitates with Mn
to form oxalateg¥ (¢

f An essential plant nutrient, present as'Gans to givecell
walls and membranes structufé.

{ Higher concentrations in woody biomakk.

K f Both organic and inorganic associations (similar to &&J.

1 Present as free Kions to form ionic salts such as KCI a
KNO3 B

i Essential in plant regulationystems e.g. transportation
nutrients and water, and control of the stomata for intak
CO, during photosynthesi&l [l

f Commonly applied as fertilisers!

P 1 Present as both organic (e.g. phytates and nucleic acid
inorganic (phosphates, plpisric acid and water solution
associationg? (@

1 Free P ions are essential in the production of ATP w
provides energy to cell§!

f Commonly applied as a fertiliséf.,

1 Aswith Ca, species of P can be as ionic salts, organically b
inorganics and in authigenic minerafs.

Mg 1 Both organic (e.gchlorophyll, carbohydrates and phytat:
and inorganic (e.g. crystalline structures as silicates
oxyhydroxides and water soluble ions) associatiBhs.

1 Mg is the central atom of chlorophyll molecules and vital
plant survival (organically bound)!
 lonic salts include nitrates, phosphates and chlorides.

Na 1 Na concentration is very variable in biomass and is hei
influenced by localised condition8.["

1 Na occurs in biomass in the same associations as K, ho\
these can occur fronettital origin as well as authigenigl ¥l

1 Na is not essential in plants but can help metab
chlorophyll.1

f  Too much Na is toxic to plant4!

f Typically, only occurs as ionic salt§.
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Al 1 Most Al measured in biomass comes from extraneous sot
mainly soils and clays as aluminosilicates (kaolinite).

1 In acidic soil, moisture in soil causes hydrolysis of stable
ligand complexes to form the #lion which dominates!!

1 This is take in by the plant through the roots and can fc
organic (organic acids and lipids) and inorganic (phosph
sulphates and fluorides) associatidfs.

1 Al is toxic to plants at low concentrations; however, it is I

that free ions dissociate from thalsie structures presentin tl

soil.

Both organic and inorganic associatioffs.

Inorganic S is mainly present as sulphafés.

It is mainly taken up through the roots as sulphates (this

occur naturally but also from the additionfeftilisers). Small

amounts can be obtained from assimilation of ®Ghe air.d

1 [Ig] is essential in chlorophyll, proteins, enzymes and vitan

Fe 1 Organic (e.g.organemetallic complexes, phytoferritin ar
chelates) and inorganic associations (crystalline silicates
oxyhydroxides) associations. The latter mostly come f
detrital origin.[2d

1 It is an essential micronutrient in the structure of all liv
organi smés DNA, as wel |l as
[ad]nd Is fundamental in the structure and function of chloropl

Cl 1 CIl is a highly mobile element used as a charge bal
compensator and regulates osmotic pressure. It is taken
the roots as Cl@Ill

1 A lot of chlorine is taken up by plants from anthropoge

activities. An example of this is Cl from 4ieer salts which rur

off roads and tarmacked areas into agricultural |&nd.

Cl is mainly present as Gbns in plantst!

The concentration of Mn can be highly variable dependin

the plant species. Plants which go through an annual cycle

a senescence phase can change colour going a

orange/brown colour from high concentrations of Mn.

It can be in botlrganic and inorganic associatiols.

Mn is an essential micronutrient in plant cell metabolisn

various cells. It is very important in oxygewolving

complexes in photosynthesis cells.

Table eferencesfa] Vassilev et alf 2017], [b] Bostitm et al,[2012], [¢] Williams et al[2012], [d]

Marschenef1995] [e] Doshi et al[2009], [f] Jenkins et al[1998], [g] Bryers[1996], [h] Baxter et
al. [1996], [i] Chen et & [2010], and [] Bradl[2005].

= =4 =4

Mn

= =4

= =
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2.3 Combustion
Since thisthesis is focused on utilising fuels in domestic stomed small
biomass systemand the associated emissions, this section reviews the properties

which are generic to combustion but discusses them in relation to such systems.

2.3.1 Stages of Combustion

Defining the stages (phases) of combustion is a challenging task because there
is no definitive point when combustion moves from one stage to the next. Even on a
particle level in very fast heating rates one side of a particle could still be drying whils
another part has started to release volatiles or turned to char [Trubetskaya et al., 2017]
[Mason, 2016]. It is universally accepted that there are four stages of particle
combustion: drying/heating up, devolatilisation (pyrolysis), flaming combustidn an
char burnout. There has been some debate over the presemoe phases, in some
cases up to seven, however most of these additional stages are of&gsstof the
four mentioned previously [Mitchell et al., 2016] [Ozgen et al., 2014]. Fig. 2a3 is
very descriptive schematic from Brown [2003] and Jones et al. [2007] based on the

combustion of small particles in fast heating rate environments.

Heating and Drying Pyrolysis Flaming Combustion Char Combustion

H,0 Volatile gases:

CO, CO,. H,, H,0, /'
T Heat light hydrocarbons, tar .
Y/ 1
'
& & N
Thermal front Porosity increases e B Shrinking core
penetrates particle Flame front
0.56-1.16s Instantaneous 0.4-0.8s 5-10s

Figure 2.3: Stages of combustion for biomass particles between G@%m in fast
heating rate environments[Brown, 2003] [Jones et al., 2007

In stove systemsbecause the particle sizes are usually much bigger, the
heating rate is much slower and there is less turbulémese time periods are much

longer. Therefore, when low CV value and high moisture content fuel is combusted in
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such systems, sometimes allif stages can occur at the same time. It is for this reason,
the stages of combustion are commonly reduced to three principal stages in stoves,
ignition, flaming and smouldering, based on the macroscale observation [Ozgen et al.,
2014] [Orasche et al., 2Q]. This is helpful in the analysis of the conversion, heat

release and emissions.

2.3.1.1 Drying and Heating Up

As discussed earlier, the moisture content of biomass is substantially higher
than in coal, this can increase the ignition delay time asidceethe thermal output.
The high porosity of biomass allows for moisture to be released from biomass particles
within seconds in high heating rate environments. Whilst the particle is drying, energy
is consumed by the vaporisation of water, this previtrggarticle from heating up
until it is sufficiently dry [Riaza et al., 2017]. This process occurs betwee 10 C,
however from literature on the storage properties of biomass it is accepted that excess

moisture will start to be removed at lower tengteres [Jirjis, 1995].

The moisture in briquettes can be assumed to be uniform as it is a function of
the individual particles within the volume of the briquette. Some work has suggested
that moisture within the centre of a briquette is higher becaussmyferature and
pressure gradients during briquetting, however these differences are so small, <1%,
they can be considered negligible [Tanger et al., 2013] [Singh, 2004]. This means that
the main factors affecting the drying and heating up stage of combéstibriquettes
are the porosity and density of the briquette.

Wood logs usually have a large moisture gradient, driest at the outer surface,
this can be reduced by seasoning and kiln drying before use. The moisture gradient
can prevent smooth ignitiomse the temperature is inconsistent across the log. It also
creates at overlap between the drying and devolatilisation stages, reducing the
combustion efficiency and increasing the formation of more problematic pollutants
[Tanger et al., 2013] [PrieAlli son et al., 2019]. Smaller logs to increase the surface
area to volume is the most effective method to improve the rate of drying and decrease

the ignition delay time.
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2.3.1.2 Devolatilisation

As abiomassfuel thermally decomposes a mixturevafatile organic (CO,
CHs4, CO, and longer chain and aromatic hydrocarbons) and inorganic compounds (K,
P, N, S and ClI) elude from the solid particle, this process is called devolatilisation.
The temperature, particle size, heating rate, moisture anaasdntall influence the
rate of devolatilisation. The flow of gas&sd vapourfrom the particle surface creates
a pressure gradient preventing oxygen and air from reaching the particle surface so
oxidation reactions do not occur close to the partictendudevolatilisation. Pyrolysis

is the same process but in completely inert environments [Lu et al., 2008].

As discussed in section 1.2.2, biomass is made up of cellulose, hemicellulose
and lignin. The former two are bonded byObonds whilst lignin &s lots of linkages
with O functional groups and C in the aromatic rings. During devolatilisation, many
of these bonds and linkagbseak andearrange forming carbon rich gas molecules
which escape through pores or by a buifdof partial pressure andring their way
out (more common in coal). At the same time more staddgnents rearrange form
new stronger interactions with neighbouristyuctures these stronger interactions
build up to form char particles. Hence, there is competition betweed sol
decomposition and char forming reactions which are dependent on the activation
energy and reaction kinetics alf the competing processdor biomass the majority
of the particle mass is lost during devolatilisation [Glassman, Yetter and Glumac,
2015]

2.3.1.3 Flaming Combustion

Flaming combustion is the rapid oxidation of volatile species after they have
been released from the fuel particle. Its name comes from the luminous flame that is
produced from the energy released during the reactions. iBreesggnificant amount
of overlap between devolatilisation and flaming combustion, mainly because of how
fast the volatiles oxidise after release. Therefore, it is often easier to use the
identification of a flame as the start of devolatilisation (igmijiin experimental

methodology [Riaza et al., 2017].

During flaming combustion, the conversion of carbonaceous species is mostly
by complete combustion, since the temperature, turbulence and thermodynamics

favour this reaction mechanism. Thus, the m@aivducts of flaming combustion are
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CQO, and HO. However, there is some incomplete combustion resulting in emissions
of CO, CH, unburnt hydrocarbons, PAHs and PM. Emissions of NQ, 8@ HCI

are also at their greatest during flaming combustion becaubeiofvolatility when
bound to organic structures or present as,ssdte Table 2.]Mitchell et al., 2016]
[Williams et al., 2012].

In stove systems, because the system is closed and the fuel bed is fixed, as is
the case with particle burning experingrflaming combustion peaks (and burning
rate) after ignition and then transitions to more char combustion as time progresses.
This is also accompanied by a change in the emissions, a decrease lutG@
increase in CO. The main factors which can iafice this process are the moisture
content, the volatile content, the fuel geometry, the physical properties of the fuel and
the composition of the ash [Ozgen et al., 2014] [Ndiema, Mpendazoe and Williams,
1998].

2.3.1.4 Smouldering Combustion (Char Buouit)

Char combustion is the slowest of the combustion stages becaissa it
heterogeneous reaction on the char particle surface. This requires oxidising gases to
pass through the particle boundary layer, adsorb onto the particle surface, react, desorb
from the particle and diffuse into the bulk gas phase. The main products of char
combustion are COand CO, Eqg. 2.3. On a particle level, if the particle is thermally
thin, char combustion is mostly a discrete phase but can have a small overlap with
flaming combustion. Particles with a larger diametard agreater distance from the
particle surface to the core, undergo flaming and char combustion simultaneously.
This is because heat has to transfemfthe outer surface to the centre which results
in the auter surface turning to char whilst the centre devolatilises. This is an important

phenomenon since it can influence the emissions [Williams et al., 2012].

As mentioned previously biomass particles are naturally more porous, this
means the oxidising gasean flow through the char structure. Therefore, if the char
on the surface reacts first then the particle starts to shrink, conversely if reactions
happen at the centre first the particle becomes more porous and depending on the
partial pressure of thembustion gases can either look the same size or swell slightly
[Mason, 2016] [Riaza et al., 2017].
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During char combustion multiple inorganic ash transformations occur such as
vaporisation (K, Na and P), surface migration, coalescence and metal intorpora
into silicate (glass) structures. Many of these transformations rely on the temperature
as they require phase transformations [Wornat et al., 1995]. The main factors which
influence char combustion are the char structure, surface area, particlposeze,

structure, composition of the ash and the active site concentration [Dooley, 2017].
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2.3.2 Pollutants
There are multiple pollutants formed during biomass combustion. They all
originate from the fuel hoever combustion temperatures, moisture, stoichiometry

and other elements or compounds can influence the formation mechanisms.

2.3.2.1 Carbon Monoxide

Carbon Monoxide (CO) is a highly toxic gas with a large global warming
impact. It is mainly formed fronincomplete combustion of volatile species after
devolatilisation and from heterogeneous char combustion reactions, Eq. 2.3. During
devolatilisation volatile products are released because of the depolymerisation of
cellulose (308400 C), hemicellulose (25350 C) and lignin (206600 C) [Srifa et
al., 2019]. The pyrolytic products are a mixture of gaseous volatiles and tars.
Depending on the factors mentioned earlier in this section, these products can undergo
cracking, gasification and oxidation reactionsnitng a variety of gaseous organic

products, CO is one of the major products of these reactions [Khasraw et al., 2021].

In char combustionCO is primarily formed by the oxidatioof carbonas
shown in Eqg. 2.4. The CO produced can then be converted ido®econdary
oxidation, Eq. 2.5. Thitatterreaction is much slower and requires longer residence
times and higher temperatures. CO can be produced fropmbZ@he Boudouard
reaction, Eq.2.6, this is a redox reaction caused by Ipwo@centrations witim the
fuel bed [ Dell 8Antonia et al ., 2012].
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In stove systems CO emissions are highest during smouldering combustion.
Often, they are used to identify the transition from flaming touddssing combustion
[Mitchell et al., 2016]. During smouldering combustion low temperatures, poor
mixing and short residence times prevent secondary reactions, such as the oxidation
of CO to CQ. High moisture fuels prevent these secondary reactions leeobtise

lower temperatures from vaporised water as well asrfclelcombustion from poor

air-flow [Roy and Corscadden, 2012].

2.3.2.2 Methane

The origin of Methane (ChHl emissions is a disputed subject. After the
volatiles are released frobiomass, the lighter hydrocarbons (both gases and tars) are
unstable and further decomposition (decarboxylation of acids and aldehydes) or
gasification (hydrogenation of CO) can result in the production of methane [Ranzi et
al., 2008] [Ndiema, Mpendazoe caWilliams, 1997]. Therefore, it is difficult to
determine if CHis produced directly from devolatilisation of lignocellulose or if it is
the product of secondary reactions. In stove systems methane emissions can peak
because of fualich combustion (fueloverloading) or low reaction temperatures
[Ranzi et al., 2008] [Ozgen and Caserini, 2018].

2.3.2.3 Unburnt Hydrocarbons

Unburnt hydrocarbons are simply the products of devolatilisation that escape
by fuetrich, moist or low temperature pockets in th@mbustion zone. In stove
systems high amounts of smouldering combustion and low mixing results in higher
concentrations of these species being emitted to the environment. Some of these
unburnt hydrocarbons reanthotter zonego form soot through chemikand physical
reactions (condensation and coalescence) [Williams et al., 2012] [Ranzi et al., 2008].
These combined with inorganic fly ash and char fragments make up particulate matter

discussed latter in section 2.3.2.6.
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2.3.2.4 NOx
Oxides ofnitrogen(NOXx) primarily consists of nitric oxide (N@ndnitrogen

dioxide (NQ). They are formed by three mechanisms:

1 Prompt NOx N2 in the air reacts with hydrocarbon radicals to form NCN at
high temperatures (>1300) and a fuelich environment. NCN is then
oxidised to form NgWilliams et al., 2012]

1 Thermal NOx Produced at above 150D, usually in the flame, from the
reaction of oxygen radicals with molecular nitrogen in the air. The extended
Zeldovich mechanism, Eq. 2279, explains the mechanism for fleemation
of thermal NOx, the main reaction route is dependent on the temperature and
percentage of excess air.

0 O0PO 00 c¥
0 OVPOO 0 c&
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1 Fuel NOx This is the oxidation of N bound in the fuel.

During combustia the majority of emissions are from fuel NOx with a variable
contribution of thermal NOx depending on the combustion system [Riaza et al., 2019].
The contribution from prompt NOXx is unclear since previous results in literature are
inconsistent, however ¢h general conclusion is that the contribution simal
[Houshfar et al., 2012]. In stove systems NOx emissions are entirely from fuel NOx
because of the low combustion temperatures and short residence times. Additionally,
the majority of emissions are ind form of NO(rather than N@) because of the high

amount of excess air |[Dell 6Antonia et al

Formation of fuel NOx has been extensively described by Williams et al. [2012],
Fig. 2.4. N in biomass is present in many forms, mostly as proteins adusienof
linear and aromatic molecules. During combustion nitrogen is partitioned between
volatile products(as NH and HCN), tarsand char, this is dependent on the
environment, temperature and heating rate. For bionmasst of thenitrogen is

releasedhs volatiles [Riaza et al., 2019].
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Figure 2.4: Mechanisms for NOx formation from fuel N [Williams et al., 2012]

During devolatilisation, decomposition of linear molecules tends to foraaN
HNCO whilst aromatic molecules decompose to HCN [Ren et al., 2011]. However,
this is also dependent on the temperature, particle size and presence of minerals
(especially K). These precursors react through multiple mechanisms to form NOx

species depeling on the stoichiometry [Williams et al., 2012].

Char N in biomass is more complex and less understood, however it is believed to
be similar to char N in coal. Although some research has suggested that HCN
precursors are formed during char combustiorgatioxidation of N at active sites to
NO is the more widely accepted mechanism for biomass [Molina et al., 2009]
[Backreedy et al., 2003]. NO formed in the pores of the char can be reducgbyto N
carbon atoms because of the long residence time to @iffam the char structure
[Wang et al., 2016]. This process is suspected to be catalysed by the presence of
minerals (mainly Na) [Wang et al., 2016].

2.3.2.5 Sulphur Dioxide

Sulphur Dioxide (S@) is formed from the oxidation of S. S is present in
biomass in both organic, such as cysteine and methionine, and inorganic forms
[Knudsen et al., 2004]. Fig. 2.5 from Johansen et al. [2011] shows the mechanisms for
organic and inorganic S release from biomass. During devolatilisation, high
temperatures imease the S released because of the reduced mass of char produced.
Inorganic elements Ca and K have a high affinity for S at low temperatures (800
and efficiently form metal sulphates which retain the S in the ash. If the Si
concentration is high, abeé temperature increases (>80 Ca and K have a higher
affinity to form silicates which results in the S being released from the ash. Char
destruction can also cause S to be released however this S has not reacted to form
metal sulphates [Johansen et aD11] [Han, Gao and Qui, 2019]. Some of the SO
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can react with KCl in slags formed in superheater systems creating a highly corrosive
eutectic which releases 4Ig) or HCI (g) [Van Lith et al., 2009]. In stove systems,
low temperatures and inconsist@simbustion across the fuel bed means that only a
small percentage of the S in the fuel is converted [Roy and Corscadden, 2012].

Initial Fuel Devolatilization Secondary Char Burnout Stage
Stage reactions
Release Release
’ '
Decompo- Recapture Decom-
. sition by char position
OrganicS ——o==® S0,(9) ——» ——» S0,(9)
Char-S (s) | reaction ] A Release
s A Release o with metals| >1150°C [ Metal
with CO SO sulfates (g)
700-950 % 2 (g) ‘Recapture ‘ Metal
lowSi = bychar sulfates (s)

Inorganic S > , A Release

(metal sulfates | .. iion , , ]
s i ;
(s)) with CO» Meta| ‘ Metal reaction with silicates > S0:(9)
sulfides (s)

Remain stable

Figure 2.5: Formation routes for SQ@ in biomass combustion [Johansen et al.,
2011]

2.3.2.6 Particulate Matter

Particulate M#éer (PM) is the solid matter that is entrained in the flue gas. It
can consist of soot, tar, char fragments, fly ash and condensed volatile heavy metals.
Soot is formed by a series of complex reactions from unburnt hydrocarbons starting
in the flame. Thespecies and nature of soot formed is dependent on the flight path
from the combustion zone to being emitted into the environment and its continued
path in the atmosphere. The two most common soot forming meclsaaisnthe
HACA (hydrogen abstractionCoH. addition) and CPD (cyclopentadiensjutes
[Fitzpatrick et al., 2008]In the former, light hydrocarbons from the pyrolysis of
cellulose are not combusted and through pyrosynthesis reactions form acetylene
(CoH2) moleculesthese molecules form benzene ehhgrows by successive additions
of CoHz into polycyclic aromatic hydrocarbons (PAHs). The CPD route originates
from the pyrolysis of lignin which produces larger aromatic moleciutesa lignin
monomers in particular phenols. Thedgnin monomersundergo cracking and
decomposition reaction® form cyclopentadiene (CBand COJ[Fitzpatrick et al.,

2008] CPD is highly reactive, much more so than its parent phenol, so it quickly reacts
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to form one ring or two ring compounds such as benzene, toluene, indene or
naphthalene. These species thengramw by either the HACA method or addition of
other hydrocarbon radicals [Fitzpatrick et al., 2008]. In biomass combustion because
the oxygen content of the fuel is so much higher, oxygenated PAHs can also form
[Fitzpatrick et al., 2007] [Williams et al2012]. Confined PAH growth results
condensation and agglomeration of fine spherical cariobrparticlesi.e. soot (black

carbon).

The soot species formed from the combustion zmmehave dsorbed VOG
forming hydrophilic surfaces which are very eftive sites for condensation of
organic compounds such as tars. As the tar condenses onto the particle surface it can
either coalesce and form an even sticky coating around the particle surface or
agglomerate where it sticks to a point on the soot parfitiese processes depend on
the viscosity of the condensing tar which is a function of the temperature when it
condenses and the length/interactions making up the tarLfamgion et al., 2015]
[Jones et al., 2018]his carbonaceous PM from stove commsiconsists of both

black and organic carbon.

The biochar produced after devolatilisation of biomass has a very porous
structure. Char is very brittle and with the porous nature of biochar it can fracture
easily. These fragments can be entrained imoflue gas and if the path is through
fuel-rich pockets in the combustion system they can avoid being combusted and
instead emitted as char fragments. Depending on the temperature and flight path these
fragments can agglomerate with sticky tar and coretenisiorganic surfaces
increasing the particle size [Fine, Cass and Simoneit, 2002] [Freeman and Cattell,
1990] [Fitzpatrick et al., 2008] [Williams et al., 2012].

Inorganic contributions to particulate matter are highly variable depending on
the combustin system. Inorganic elements (particularly K, S, Cl, Si, Na, Al, Ca and
P) can nucleate new particles or aid in the growth of existing particles. Heavy metals
speciesuch as Zn, that are volatile, can also be significant contributors to PM. These

routes are discussed in more detail in section 2.3.3 [Sippula et al., 2009].

Particulate matter from stove combustion is an important area of research since
small combustion devices are less likely to have abatement technahabyhe

majority of PM is submicron size Poor mixing and lack of control (heating rate, air
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flow and temperature) in stoves means that PM emissions are much higher than in
larger systems. Additionally, fuel properties such as moisture, mineral content, particle
size and the composition wblatile products can increase the PM emissions [Williams

et al., 2012] [Mitchell et al., 2016].

2.3.3 Entrained Metal Aerosol Emissions

Metals in the ash of biomass can be entrained into the flue gas by vaporisation
and condensation or through conweeturbulence of particles in the ash. The former
is the more prominent methdor aerosol formationwhere volatile species are
vaporised during flaming combustion and carried out by the hot flup\ghisms et
al., 2012] As the flue gas cools it beces supersaturated and, depending on the
volatility of the species, aerosols form from homogeneous nucleation and
heterogeneous condensation [Doshi et al., 2009]. These processes form very fine
particles which can grow from surface reactions, agglomeratrah coagulation
[Sippula et al., 2009].

Coarseitnorganicparticles can form from reactions in the bottom ash. Species
in the bottom ash are present in varying amounts and as various complexes depending
on the composition in the original biomass and wiest been removed in the early
stages of combustion. The mixture of these compounds forms a unique structure where
the phase transformation point is at a lower temperature than athe phase
transition points of the individual compounds. This meandestlements, such as
silicon and calcium, can be vaporised at lower temperatures fBostr al., 2012]
[Roberts et al., 2019] [Doshi et al., 2019].

Although fly ash is typically used to described large ash particles which are
entrained into the flueages, more common in large scale utilities, in this work the

term is used to described inorganic particulates.

The volatility of inorganic elements is one of the most important factors in
determining ash transformation reactions. At low temperatureg, IS, Gla and P all
vaporise, they also constitute a large proportion of the inorganic composition of
biomass and thus the fly ash. Finney et al. [2018] reported that K aerosols were on
average 6.5 times higher from biomass combustion than coal. Mason] [2016
combusted single particles of biomass and coal and monitored the potassium release
throughout, the results showed that the higher volatile content of biomass caused a
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spike in the K released during devolatilisation. A smaller peak is observed during char

combustion but the intensity is much lower.

The CI in biomass is very soluble and entirely removed in water leaching, this
means it is very mobile. Cl and K are particularly reactive and are usually the most
dominant alkali species in the PM formed idgrstove combustion because of the
lower combustion temperatures [Boman et al., 2004]dl[dr, Brunner and
Obernberger, 2005]. Cl also reacts with more stable metals reducing the temperature
at which they condense such as Cr, Mn, Ni, Cu, Pb and Zm\jZ8gyszlak
Bargpwicz and Szczepanik, 201®uring combustion organically bound S reacts to
form SQ at low temperatures, this S@lays an important role thermodynamically in
the mobility of metal species. Jamez, Frez and Balleste2008] show that as the
SO concentration increases, Mn and Fe are fixed more into the bottom ash however
later work by Za\t, SzyszlakBargpwicz and Szczepanik [2019] show that this

correlation only applies to Fe.
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Figure 2.6: Gas phase equilibrium of he most common fly ash forming species

[Joller, Brunner and Oberberger, 2005].

Temperature has been shown to have the greatest influence on the formation
of alkali salts during combustion. Fig. 2.6 frordlldr, Brunner and Obernberger
[2005] shows the eglibrium gas phase specie formation of the most common

inorganicaerosols. Between 780 C chlorides are sulphated andndensethis
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means fly ash is dominated by$Qs. At lower temperatures chlorides are largely
present (KCl and NaCl) however deperglion the oxygen content the formation of

carbonates and oxides are also prevalent.

Group 1
Concentrated in coarse

residues, or partition
equally between coarse
and fine particles

Eu, Hf, Ma, Ln, Rb
Sc, Sm, Th, Zr

Ba, Be, Bi, Co
Cr, Ca, Cu, Mo, N1, Sr
Ta, U, V,W

Group 2
Volatilise in combustor

or gasifier, but condense

As, Cd, Ga, Ge, Pb down-stream

Sb, Sn, Te, T, Zn

Increasing Volatility

Group 3
Depleted in all solid

phases. Many remain in
gas phase through the
plant

Figure 2.7: Relative volatility of heavy metals [Gudka et al., 2016]

Trace elements such as heavy metals are a current area of high interest since
they can be very volde and, without removal technology, their emission is a serious
threat to public health. Fig. 2.7 from Gudka et al. [2016] shows the relative volatility
of heavy metals. Zn is a prominent heavy metal in most biomass in much higher
concentrations than a¢h heavy metals. There is a lot of literature on the role of Zn in
PM formation as it is a fairly mobile species. Torvela et al. [2014] used Transmittance
Electron Microscopy (TEM) imaging coupled with Energy Dispersiva)Xanalysis
(EDX) to determine th size and composition of ultrafine PM collected from a 40kW
boiler burning wood chips from different types of combustion (efficient, intermediate
and smouldering). The conclusion from this analysis was that ZnO condensed first
from the gas phase to fornmacleus that other inorganic species could condense onto.
Earlier work from Boman et al. [2004] also concluded that Zn played a major role in
the formation of fly ash in PM by analysing (SERDX) PM collected on filters using
gravimetric impactors from3kW boiler fired with various biomass pellets. Wiinikka,

Gronberg and Boman [2013] also came to the same conclusion from sampled PM in
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wood stoves. In more recent work there has been some contention over the nature of
Zn in biomass and whether it is allarmobile state based on its comparison with coal.
Finney et al. [2018] using online measurements {@ES) at a pilot scale pulverised

fuel combustion plant analysed heavy metals produced from firing coal and biomass.
Although the concentration of Zn irhé biomass was considerably higher the
emissions were the same. However, it is accepted that increases in temperature
increase the vaporisation of Zn which could explain the measured differendd¥s [Zaj
SzyszlakBargpwicz and Szczepanik, 2019] [Jnez, Frez and Ballester, 2008].

2.3.3.1 Slagging and Fouling

In large utility systems slagging and fouling from ash transformation reactions
is a major problem as it reduces power station efficiency and in extreme cases can
cause shutdown. To investigate the potential of a fuel to cause slagging and fouling
there ae various methods including ash fusion tests (AFT), slagging and fouling
indices and sinter strength tesibe AFT is the British Standard method (BS EN ISO
21404:2020) which determisdour characteristic temperaturdbese are discussed
more in sectior8.4.6,0f a cylindrical test piece made from ashichis heated at a
constant rate. AFT are important because they deterinntemperatures at which
ash deposits transform into slags and therefore the suitability of fuels to various
applications. Themain disadvantage with AFT is that analysis of the results lacks
accuracy and reproducibility because it is determined by the human eye.
Advancements have been made to try and improve the reproducibility by using
computational software models to monitor mhes [Tambe et al., 2018]. Howeyer
there are stilissues with these methods especially when applied to biomass because

of swelling effects.

Slagging and fouling indices use chemical composition data to determine a
numerical value whichdescribes the probability of slagging occurring. Various
models have been proposed including the base to acidRatio the alkali index (Al)
and the slagging viscosity indé8VI), Eq. 2.162.12. Slagging and fouling indices
are useful as they can llored to assess certain parameters of the slagging and
fouling process. Their disadvantage i s
considettheimpactsof temperature, heating rate other inorganic constituents which
may also influence thefmation of slagfRoberts et al., 2019]
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For the base to acid rafi&q. 2.10a value 0/<0.5 meanshe fuel has dow
slagging probability>1.0 means a high slagging probabittyd between the two there
is a moderate probability. TH®y/ais a simple model which considers the interactions
of acidic and basic compounds. This madddased on the principtkat alkali species
are more volatile and therefore their increased concentratibmevease the slagging
propensity unless there are acidic speaesact with which increasthe temperature

at which these species melt.

In Eq.2.11,x is the mass fractiora is ash and is fuel. The Al represents the
quantity of alkali oxide per unit energy of fuel (kg alkalitsJrhe upper threshold is
0.34 kg alkali G3 (high probability of slaggingand the lower threshold &17 kg
alkali GJ* (low probabilty of slagging)

The slag viscosity indefEq. 2.12 represents the percentage silica in the sum
of the basic components in the ash excluding the adkalcies Although this is not
directly a measurement of the viscogitiya slag, past work has shown that eutectic
compounds low in silica form very hard ceramic slatps is because the flow
properties of low silica compounds are more isotropic [Gaviaeaver, 2017] [Park
and Min, 2016] [Pronobis, 2005]. The resultantntner of the slag viscosity index is
an indication of the difficulty to remove these compounds. Values greater than 72 have
a low slagging propensity whilst values less than 65 have a high slagging propensity.

More recently the focus has shifted to nolyarmnderstand the propensity of
slagging and fouling but also to try and understand the physical properties of the slags
formed. This is useful to power stations as it allows them to plan maintenance and also
understand how effective some of their techgglgolutions are at removing slags
such as soot blowers. For these reasons sinter strength tests are increasing in

popularity. These tests form cylindrical pellets of ash which are gradually heated to

57



simulate the formation of a slag deposit. determinghe sinter strengthhe pellets
are compressed at a gradually increasing pressure.oliieap which they fracture

determineghe strength of the slags formfbberts et al., 2019]

2.4 Stove Combustion

Current literature on stove combustisrspase and further research is needed
to understand how such systems operate and the relation between operation and
emissions. This includes analysis of various fuels on such devices and the influence
of fuel properties, both chemical and physical, on emissibhis section explores the

current literature on this subject.

2.4.1 Stove Combustion Tests

Stove combustion tests are difficult to perform. This is mainly because of the
largenumberof variables that have to be controlled in order to produce a negbbel
result.For the results to be valid methods have to use various measurement techniques
and measure multiple parameters including burning rate, temperature, flue gas flow

rate and visual assessments of the combustion phase.

There is no uniformmethal for performing combustion tests and there is a
large disparity between international standard tests and tests performed in research.
The British Standard (BS EN 1328D 6434 sets the stove up within a trihedron
from which the flue gas is sent up a &taod emissions can be measured by sampling
directly through a suction pyrometer prodge method uses a single batch of fuel
that is loaded into the stove, ignited and then left until the fuel burns out, during this
time the stove door is not opened and the fuel bed is left untouehessions are
measured over the time period when to¥e is at its nominal thermal outp&Repeat
experiments are used to show the reproducibility of the results. The main advantage
of this method is all the variables are controledaept for the fuel and the type of
stove which means results can be rdyiatomparedand are easer to reproduce
However, this assessment of stove performance and emissions is uny#adistain
issuebeingit doesnét account for the potenti al

periods such as heating up or char butpassessment is at a steady state

An alternative method is thEuropearGerman Standard (DIN EN 13240),
which uses the same experiment-ggthowever multiple fuel batchgst stove

nominal heat outputfan be used in the assessment of thermal peafoce and
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emissions. This is defined by the running time which must exceed a certain length of
time for the test to be validHowever by again only considering the emissions at the

nominal thermal output, the method still does not account for the trapsiases.

Most commonly in current research hybrid methods are used. Ozgen et al.
[2014] developed one of the firstet hods whleirfee 6a cOrmeailst i on
defined This method using atartup batch of kindling which after 20 minutes is
loaded vith a nominal fuel load. After an hour a second batch is added and a third
batch is loaded after another subsequent hble. analysiss conducted over 45
minutes after the stove has stabilised in temperature from each fuel load. This method
assesses mouod the combustion time period and does consider more of the transient
phases however fidils to assess the periods of low turbulence andhwonogeneous

temperature variations when reloading.

Li et al. [2020] used a variation of this method by contilyuanonitoring
emissions for a 2thour period. This included any reloading periods and accounts for
all the transient effects. This method similar to the method by Ozgen et al. [2014]
dilutes the flue gas sample before analyisiauser et al. [2018] demetrated that th
method of analysis can have a big influence on the remultsherefore compared to
the methods described in standards it is very difficult to compare emission factors from
different experiments and from different researchi¢iis. therdore imperative that a

method is developed around the objectives of the experiment.

2.4.2 Emissions from Stove Combustion
Although there has been some discussion related to this area in section 2.3.2,
this section develops the areas of research sttarel the conclusions that have been

developed.

Assessment of the variables which influence emissions is a growing area of
interest. Roy and Corscadden [2012] showed that thermal efficiency increased when
using briquettes and this resulted in lower ante of incomplete combustion.
Peterson et al. [2011] also observed the same result when comparing pellets and logs.
The main reason for the improved combustion performance for briquettes and logs is
the increased surface area to volume ratio. However effeect, particularly for the
briquette and log comparison, is dependent on the rate at which the briquette
disintegrates. This is an area that has not been addressed in current literature.
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Following this point the rate at which a briquette disintegrates is influenced by
the use of binders which can also influence the emissions. This was a result tested by
Potip and Wongwuttanasatian [2018] &oecrude glycerobinder and showed that the
increased addition of the binder increased the rate of combustion and the temperature.
A review by Olujbade, Ojo and Mohammed [2019] also states that the majority of
binders increase the combustion rate and thus has an impaemissions by
increasing the amount of complete combustion. Howetes review does suggest
that the selection of binder has to be carefully considered as minerals in the binder can

negatively influence the particulate emissions by increasing the itglafiimetals.

Although other physical factors have a strong influence on the combustion
performance such as air flow, fuel chemical factors are an area of high interest.
Mitchell et al. [2016] demonstrated that most of the emissions are related taahemi
fuel properties. These correlations include fNeio NOx, S to S@ volatiles, K and
C/O to PM[Roy and Corscadden, 2012] [Orasche et al., 2012] [Ozgen and Caserini,
2014] Previous work has demonstrated certain aspects of these correlations however
a total assessment and comparison of these correlations has not been explored.
Additionally, research intother correlations such as those related ta, Gi¢tals and

soot are still sparse [Atiku et al., 2017] [Finney et al., 2018].

2.5 Pre-Treatment

Historically pretreatment of biomass was focused on optimisatiahemical
and physicapropertiesand energy densitp enhance the performance and improve
the feasibility of using biofuels over fossil alternatives. However, because of more
stringent regwtions and pressing concerns over the state of the environment, pre
treatment has evolved to focus on producing the cleanest fuels, in terms of emissions,

and increasing the diversity of fuels available.

2.5.1 Torrefaction

When a fuel is torrefied the resloss from removal of moisture and low CV
hydrocarbons, from decomposition of hemicellulose and cellulose, is greater than the
energy lost from these species. Dhaundiyal et al. [2021] estimates the mass loss is
approximately 30% and the energy loss i%%l@owever, in reality, these losses are a
function of the torrefaction process, the severity of torrefaction, the type of biomass
and the ash composition, in particular K [Chen et al., 2021].
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During torrefaction, depending on the severity, volatile prtedfiom low
temperature pyrolysis are released, this reduces the reactivity of torrefied fuels. During
combustion this shortens the devolatilisation period and increases the mass of char
produced. The char produceckisrichedn C but depleted in O, addanally it is less
porous and has a reduced surface area [Li et al., 2015] [Lu et al., 2008] [Chen et al.,
2017]. The conversion time for char combustion is dependent on the mass of char
however the reactivity of char produced is disputed. Lu et al. [208s4rved no effect
from torrefaction on the reactivity of wood char particles however, Chen et al. [2017]
saw a reduction in the reactivity during gasification of straw char. Reduced reactivity
may be observed because of reduced porositadronisdion both of which reduce
the reaction surface arand thus the rate of external heat and mass transfer [Lu et al.,
2016].

The impact of torrefaction on the formation of soot and PM is an area of high
interest. Torrefaction can impact on the formation of $yothanging the volatile
species released during devolatilisation and changing the partitioning of key ash
species. Results from Akinrinola [2014] and Atiku et al. [2016] demonstrated that
torrefactionlowers the amounts dfey soot forming specieduring devolatilisation,
such as eugenol and vanilliwhich increase soot formation as they can form soot by
both the HACA and CPD mechanishi&itzpatrick et al., 2008]. Additionally, at
lower temperatures, when combustion is less efficient, torrefied fuethipe less
naphthalene and anthracene which are soot precursors [Atiku et al., 2016] [Fitzpatrick
et al., 2008]. This was observed in stove combustion studies by Mitchell et al. [2016]
where the PM emissions during flaming combustion were substantiallr [tow

torrefied briquettes.

Inorganic elements discussed in section 2.3.3 are very influential on the
formation of fly ash which igresentn PM. During torrefaction the ash content is
concentrated [Akinrinola, 2014] however the constituent ash speaesvary
depending on the peak temperature. At low tempergayr@ysis Cl and S can be
vaporised [Williams et al., 2012] [Johansen et al., 2011] and K can be bound into
carbonstructures [Mason, 2014] [Lu et al., 2016]. This reduces the release aevolat
inorganic species and increases the partition of some species into the char and ash
[Atiku et al., 2016].
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Nitrogen partitioning is also a consideration in torrefied fuels. Akinrinola
[2014] found that N is loghonatomically with Chowever the overbéffect is that N
is concentrated in torrefied biomass. Trubetskaya et al. [2019] found that the increased
N content in torrefied olive partitioned more into the char during combustion and was
released forming Ninstead of NO. Conversely Meng et al. [PD2aw the opposite
effect when combusting raw and torrefied distillery grains and rice husks, emissions
of NO increased. Further work is needed to understand these partitioning properties
and the impacts torrefaction can have.

2.5.2 Washing

Biomass ich in carbon but low in moisture and ash is desirable in combustion,
however there is not a surplus in availability of hggrality biomass and social
limitations prevent the overuse of agricultural land to grow energy crops [Harvey and
Pilgrim, 2011]. Tlerefore, a more diverse source of biomass that is high in alkali
metals, S and heavy metals must be considered to transition away from fossil fuels.
Washing is one of two methods, hydrothermal processing being the other, that can
reduce the ash content,mreving undesirable inorganic species, and improve the

conversion of biomass.

Inorganic species in biomass vary in mobility/solubility, as discussed in
sections 2.2.3 and 2.3.3.h@mical fractionationexperiments section 2.2.3have
shown that water waag will only remove certain elements if they are present in
forms that will leach into water. Carillo, Staggenborg and Pineda [2014] showed that
50-90% of alkali metals in biomass are in a wateluble form. Runge, Wipperfurth
and Zhang [2013] observesimilar removal efficiencies (605%) but also a 25%
increase in the energy density when using hot water washing of poplar wood, corn
stover, switchgrass and miscanthus. Deng, Zhang and Che [2013] measured a removal
efficiency of over 80% for K, S and Clh&n water washing rice straw, wheat straw
and cotton stalk agricultural residues which was consistent with results using the same
method and fuels as Jenkins, Bakker and Wei [1996]. Therefore, there is good
consistency in previous research that water wagsban remove the most problematic

inorganic species.

More recent work has focused on the factors that influence the removal
efficiency and rate of removal [Abelha et al., 2019] [Schmidt et al., 2020] [Bandara,
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Gamage and Gunarathne, 2020]. It was catediuthat particle size has the greatest
influence on the removal efficiency whilst the water temperature improves the water
capacity. Abelha et al. [2020] combined washing and torrefaction, based on a
comparison with hydrothermal carbonisation, to botlucedhe ash but also to energy
densify the fuel and mitigate any organic losses. The combination of the two
techniques reduced PM emissions by more than 50% for straw, miscanthus and road
side grass combusted in a drop tube furnace. Wang et al. [2020yexbsesimilar

trend forPM. emissiondor rice straw, by hot water washing followed by torrefaction,
because of the removal of K, ClI, S and Si during combustion in a high temperature
drop tube furnace. However, if too much Si was removed emissions obBidrted

to increase from char fragmentation.

Some careful consideration must also be taken as to the organic losses since
these can have the negative effective of reducing the energy content. Long, Deng and
Che [2020] measured the organantent of the water leachate from washing various
agricultural residues at increasing temperatures (30/60§)9The results show that at
the hotter temperatures more aromatics and alkenes were present in the leachate which
could influence the volatile glds in the early stages of combustion however the

energy content was relatively unaffected.

Gudka et al. [2016] currently is the only review of existing literature on
washing prereatment processes. Interestingly in waste woodtrpegment high
removal efficiencies of heavy metals species such as Cd, Cr, Pb and Zn were observed.
In waste wood these elements are in high concentrations because of adhesives,
additives, paints and resins used in their preparation. Some leaching of these elements
was obsrved however intriguingly it was believed that the majority was removed as
solid residue such as flakes of paint. Currently little research has investigated filtering
off these solid fines and analysing them, the application of which could determine the
feasibility of water prdreatment processes because of the reduced environmental

risks from disposing of the leachate.

Water pretreatment of biomass is an important, current area of research and
has shown large improvements in PM emissions from redooadentrations of
inorganic species. Further work is required to assess the removal efficiencies of heavy
metals and to also analyse how this will impact their fate in combustion applications.

63



2.6 Conclusions

It is clear from previous research that mageriments are required to
understand the performance and emissions from stove combustion. However, the
approach needs to be targeted at specific objectives. In the case of this work the
objective is focused on fuels and how fuel properties effect emssCurrently most
research has explored the usavobd fuelsn stoves and compared them to traditional
fuels such as coal and charcoal. However, there is little work on alternative fuels such
as agricultural residues and biogenic wastes. Explorieggthlternatives fuels is one

of the objectives of this thesis.

As discussed in section 2.4.2, previous research as made correlations between
certain fuel chemical properties and the emissions from combustion. Further testing
of these correlations is impgant inorder to effectively investigate the suitability of
alternative fuels and to also aid the development of future fuklsing other
combustion and composition analytical methods the understanding of these

correlationsd can be developed further.

These objetives can also address some specific research Gap®ntly there
is no study directly comparing the performance of raw and torrefied fuels on a
domestic stove. This is a very souglfter study because it could address some of the
air qualityproblems with stove systems by utilising existing technology. Furthermore,
technologies such as washing which historically was used as a method to prevent acid
rain could provide answers to the development of premium fuels which would help

decarbonise héand prevent air quality problems.

Finally, it should be noted based on section 2.4.1 that the definition of a
combustion cycle has varied between research and standards. This is particularly
challenging when trying to compare resuthd define appropriate fuels for fuel
inventories. In this work it was important to consider the whole fuel cycle including
the whole time period around reloading. This is so all the transient periods common

in real life stove combustion are accounted for.

64



Chapter 3. Materials, Experimental Methods and

Equipment

3.1 Introduction

This chapter summarises the fuels studied and the experimental methods used
in the analysisThe following sections are split to discuss the fuels investigated
(section 3.2), the sample preparation (section 3.3), characterisation analysis (section
3.4), canbustion experiments (section 3.5) and-ppeatment methods (section 3.6)
in that order. The fuels investigated are discussed based on the chapter in which they
arestudied Although this thesis is focused tre application of these fuels in stove
systens, additional combustion experiments are used to further define the attributes
of the novel and prieated fuels. Only two forms of pteeatment were studied,
torrefaction and washing. These methods are discussed for the experimental work that
was condated at the University of Leed3here is some discussion on errors

throughout the following sections

3.2 Fuel Samples and Descriptions

In this study various fuels have been sourced to compare their properties and
suitability for combustion with a fags on their application in domestic stovése
fuels usectan besourced irreasonable quantities Europe. The fuels used in each

chapter are explained in more detail in the following sections.

3.2.1 Fuels used in Chapter 4

The fuels in this chaptewere selected based on a single criterion, their
commercial availability to be combusted on domestic stoves. Spruce and willow are
common woods used for logs on stoves and in biomass boilers. This is largely because
of their fast growth antheir potentialto supply the increasing demarigriquetted
fuel is a rapidly growing market, most commonly this is briquetted sawdust and
industry processing residues, however food and agricultural briquetted residues are
taking an increasing market share. In 2Q8#here was 2,186,000 tonnes of olive oll
manufactured in the E.U. [European Commission, 2019]. Solid waste products can

make up 30% of the process output by volume [&etazBolarios, 2006]. The high
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production of olive waste presents an opportunity for econgain by converting the
waste to a producSpruce, willow and olive stone@ndtheir torrefied counterparts
were sourcedor comparative analysis-ig. 3.1af. For the spruce and willow the
torrefied form was sourced from a differesupplierto the original wood this is
becausef the few suppliers who can provide untreated and torrefied. foeishe

olive stonethe same source of olive stone was used to make the torrefied form. Details
of all six fuels are listed in Table 3.1. The torrefaction processes for the torrefied fuels
are: (a) torrefied spruce, heated up to Zbfr 3040 minutes, (b) torrefied willow,
heated up to 25060 C for 90 minutes, (c) torrefied olive, heated up to Z3fbr 100

minutes.

st
i

d)

My

Figure 3.1: Fuels used in Chaptér 4, (a) Aberdeenshire spruce wood (b) torrefied
spruce wood(brig.) (c) white willow (d) torrefied willow (brig.) (e) olive stone
briquettes (briq.) (f) torrefied olive stone briquettes(briq.)
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Table 3.1: Description of fuels used in chapter.4

Dimensions

Forming

Description

Provided to Leeds

(mm) Process 0)Y]
Spruce % splitlogs | 140x80x50 n/a 1 Uniform shape and size 550 Aberdeenshire, Scotlang D. Spracklen
w. bark T Not susceptible to splintering (University of
Leeds)
Torrefied Cylindrical 70x60(¢) High 1 Uniform 1000 Andritz AG, Austria Supergen
Spruce briquettes Pressure § Vary hard, requires a lot of force Bioenergy Hub
Extrusion to break a briquette
1 Smooth outer surface
Willow % splitlogs | 130x90x50 n/a 1 Uniform 500 RSPB Idle Valley, Supergen
w. bark f  Moderately susceptible to Nottinghamshire Bioenergy Hub
splintering
Torrefied Cylindrical 20x50() High 1 Some irregularity to shape and | 450 Rothamsted Research, | I. Shield
Willow briquettes Pressure size produced by ECN and | (Rothamsted
Extrusion f Briquettes crumble and break C.FNielsen, Denmark Research)
easily
Olive Stone shaped 50x35x25 Thermal 1 Very uniform in shape and size | 700 Arigna Fuels, Northern | R. Johnson
briquettes Moulding f Briquettes are hard and durable Ireland (Arigna Fuels)
1 Highly porous structure
Torrefied Stone shaped 50x35x25 Thermal 1 Very uniform in shape and size | 700 ArignaFuels, Northern | R. Johnson
Olive briquettes Moulding f Briquettes are hard and durable Ireland (Arigna Fuels)
9 Highly porous structure
1 Formed from 50% torrefied olive
stone and 50% raw olive stone
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3.2.2 Fuels used in Chapter 5

In this chapter the aim was to analyse the suitability of briquetted spent coffee
in domestic stoves. Commercial briquetted spent coffee, ternifee dogs, is made
from spent coffee grounds collected from various coffee shops across the UK, Fig.
3.2. The intention is to take the high mass yields after the coffee has been brewed and
to use it in energy applications, this improves the circular ecgnatang with the
briquetted coffee, a small sample gfentground coffee was also suppliddr

composition analysis.

Figure 3.2: Coffee Logs

In order to assess the variability of coffee waste and to determine if the coffee
logs wererepresentative of ground coffee waste a control sample was used in the
composition analysis. The control sample was from a Mexican Robusta Bean (MRB)
which was grown on the west coast of Mexico in the mountain town of San Sebastian
del Oesteat the La Qinta coffee farm The coffee cherries were harvested and
deshelled by handrhey were then torrefied at 2ZD in air using a Solocéfsmall
LPG coffee toaster. The coffee was ground at the farm and exported to the U.K. In the
U.K the coffee was brewed to n&kingle shot espresso coffee in a Fra@mwoup
semiautomatic machine, water pressure 3 bar and tempe8&iiie The spent coffee

was collected and dried before analysisg). 3.3

In order tocomparethe emissions produced from combustion of thiéeeo
logs to those from a wood fuelwillow wood logs were also analysed (both

composition and combustion). The willow wood logs were supplied from the same
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supplieras the coffee logs as seasoned ¥ split logs with the $avieralof the logs

were usecatut and milled to createsample for composition analysis, Fig. 3.4.

Figure 3.3ac: Control sample of Mexican Robusta Beans (a) Torrefaction
Equipment (b) Torrefied Coffee Beans (c) Torrefied Ground Coffee

FiAgure 3.4: Seasoned willow wood logs.
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3.2.3 Fuels used in Chapter 6

The objective of this study was to assess if bracken could be used as an energy
crop in solid combustion applications. This required a comparison between bracken
and other fuetsthe other fuels we selected based on criteria that they are either a
residue or have similar physical or growing properties to bracken. Eventually this led
to the selection of an agricultural residue (straw), an energy crop (miscanthus) and an
industrial residue (wood lmquettes). Some composition comparisons were made with

fuels inChapter 4.

3.2.3.1 Bracken

Bracken Pteridium aquiliniumm i s t he UKOG6S most c¢commo
globally except for in extreme climates. FR)5 is a schematic of a single bracken
fern. The rhizome is what makes bracken so robust and dominant over an area of land.
The rhizome is a central network from which the roots and fronds develop. This
enables water, nutrients and energy to be stored and transported throughout the plant
lifetime. Therhizome is usually close to the soil surface within a meter to 0.5m,
however in weHldraining, high sand concentration soils the rhizome can often be
deeper than a meter. Fronds will emerge from the rhizome in early spring and will
continue growing throughlpring, summer and to mautumn. A frond can range in
size but they are typically larger than a meter up to 2.5m. The frond is split into two
main sections: the stipe and the blade. The stipe is structural and when green has some
small photosynthetic capilities. The blade has three parts: the akachig, the
leaflet Pinna) and the leafRinnulg. The blade is responsible for both the production
of energy and spores (reproduction). Common to most ferns, the spores will fall before
fertilisation whichis different to most plants which are fertilised first, this typically

happens over the latter summer period.

Bracken has a {photosynthetic perennial growth cycle, the growth cycle is
described in Fig. 3.6. In spring and summer, the frond is greeordphiyll), elastic
and flexible. After the spores have dropped, into autumn, the frond turns yellow and
then brown, the leaves wilt and some will drop from the leaflet. The frond becomes
brittle and sharp. During this period minerals move from the frotodtire rhizome,
this causes some elements to become concentrated in the frond. As this mineral shift
takes place, the lack of energy production causes the frond to collapse and lay down.

With time this can form a mulch but the very slow decaying procéss t#kes years

70



to break down a frond. This prevents an effective ecosystem forming and many

animals from being able to nest and hibernate over the winter months.

’ ;w Rachis A
2 ;gﬁ Stalk between the pinna
Blade — /

Frond— s ——Pinna

Pinnule

Subleaflet

Pinnules can subdivided
into lobes

—Crozler
' An uncurling frond

Figure 35: Single bracken fern [Bowe, no date]

Working in collaboration with the RSPB at Budby Moor lowland heath site in
Sherwood Forest, Nottinghamshire, bracken was harvested betweenQkilyber
2018 Fig. 3.7 Discussions with the site managers meant that if the bracken was to be
harvested as agnergy crop, the machinery used would only harvest the frond from
the bottom of the stipe, therefore only the frond was sampled. To analyse the changes
over the growth cycle, four sampling points were set over the time period. Over August
and the start dbeptember the spores develop and dsome past research has shown
that the spores can be carcinogenic so harvesting of the bracken would not be feasible
during this period from a health and safety point of ViBwtter and Baird, 20Q0It
was also impdant to assess the variation in the bracken composition across the site,
so five sampling sites were selected and markers were used to ensure samples were

consistently collected from the same sample area.
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Winter

Nutrients and
Energy supplied
from the rhizome
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Late Autumn Late Winter

Fronds turn
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New fronds form
on the nodes of
the rhizome

Bracken Harvests

Autumn Early Spring
Energy and New fronds
nutrients emerge. Energy
collected for is used for
winter storage growth

Late Spring/
Early Summer

Fronds flourish.

Spores released Energy is for
storage and

reproduction

Late Summer

Figure 3.6: Annual growth cycle of bracken

3.2.3.2 Commercial Bracken Briquettes 0BI

Commercidly manufactued briquettes (termed brackettesimade from
bracken growing on land in the sowtkest of England was used ihe stove
combustionexperiments This was because of the lack of ability to briquette the
harvested bracken at the University of Leédghough the brackettes were made from
bradken from a different source, the bracken was harvested at the same time period in
the growth cycle, late OctobeFhe briquettes were made without a binder using a
high-pressure extrusion process, this resulted in circular dense briquettes (1250 kg m
%) 150mm in length with a diameter of 70mm and smooth suyfieice 3.8 Analysis
of these briquettes showed that the composition was within 5% on all measured
variables (proximate, ultimate and metals) of the harvested bratkés 2 harvest.4
It was theréore possible to assume that the performance dirthekettes on the stove
would be representative of the harvested bracken. This is discussed more in Chapter
6.
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Figure 38 Br acken burn briquettes O6Brackette
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3.2.3.3 Barley and Wheat Straw

Farming of cereal crops is a large industry in the PR million hectaresvas
harvested n 2019, this accounts for 55% of
[DEFRA, 2019].Farming of wheat and barley produces a significant quantity of straw
residue. Wing the harvest indexa benchmark of 51% grain per crop harvest is
targeted meaning on average 49% of a crop is residue (this includes the stem, leaves
and chaf) [DEFRA, 2019]Current farming practices use 50% of this residue as soil
conditioner, and a proportion of the remaining percentage is often burnt in open fires
[Glithero, Wilson and Ramsden, 2013]. Straw and bracken have many physical
similarities in the laker stage®f the year (colour, shape, size and texture) and are

categorised as an agricultural residue.

The barley(BS 423)and wheat strawfWs 093 in this study came from
Rothamsted Research, supplied by I. Shield and C. Whittaker, as part of an agronomy
study. Both of the straws arrived at the University of Leeds milled and then were sent
to be briquettethy an external companriquetting is discussed moresaction 3.3,
but it must be noted that straw has low amounts of natural binder (lignin) so a 10%
solid pregelled wheat starch binder was used to briquette the straw at high pressure.
This briquetting was not conducted at the University of Leeds but through an external
service by Mr. R. Taylor. The briquettes were circular with a hole drilled thrithegh
centre (dimensions 60mm in length 75mm in diamekg). 3.9 Even with the binder
the briquettes wergagile and crumbly and would break easily, more binder could be
added to improve the durabilitthowever this would have distorted the stove
combusion test results.

Figure 3.9: Straw briquette
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3.2.3.4 Miscanthus

Miscanthus is a welkstablished energy crop in the UK. Approximately 40
thousand oven dried tonnes of miscanthus were used in 2018 [DEFRA, 2019].
Miscanthus has a4 Jphotosynthetic peremal growth cycle and has a rhizome, the
same as brackemherefore comparative analysis between the two biomasses would
be insightful. The miscanthus was suppliedbriquetted formfrom Rothamsted
Researclasblocks of 60x40x40mm. The briquett€sg. 3.10,were more durable than
the straw briquettes however they were still fragile asagdl amount of force would

cause them to break.

Figure 3.10: Miscanthus briquette

3.2.3.5 Wood Briquettes

Briquetting of sawdust and residual wood shavings franithber industry is
a growing market. This prevents the accumulation of waste and improves the
economics of timber manufacturing. Sawdust briquettes are commonly sold in DIY
stores in the UK. Sawdust is considered an industrial residue which once bdquett
can significantly improve the specific density (loose density is approximately 250 kg
m3, when briquetted 1200 kg #[Sanchez, 2014]. The wood briquettesedin this
work were Ecebright™ wood briquettes which were formed using high pressure and
mild heating (dimension 200x50x50mm with a cenggplarenole 10x10mm through
the length). The mild heating softens the lignin in the wood which acts as a natural
binder. The briquettes were dulalbut with a rough surface. Rough surfaces have

better heat transfer properties as there is an increased surface area.
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3.2.4 Fuels used in Chapter 7

SRC willow is a fasgrowing energy crop which is typically planted in dense
mixed varieties of specieall native to the UK. Energy plantations are usually
harvested every-2 years with a lifetime of up to 30 years. The willow was supplied
by Rothamsted Research who had been conducting experiments using SRC willow to
remediate contaminated land. Use ofrbass grown on contaminated land is limited
by European and British Regulations which specify limits on concentrations of certain
species (BS EN ISO 172252014) [British Standards, 2014]. Located in Derbyshire
the land had been contaminated from histbric@al mining activity, Renishaw
colliery. The supplied SRC willow was after a thiygsar cycle of growth. The willow
was chipped at source and consisted of only the wood, no leaves, with a particle size
range from B45 mm Fig. 3.11 This willow was prereated (washing and
torrefaction), analysed, briquetted and combusted at the University of, ledis

of this process are given gectiors 3.3.5 (stove combustion) aBd (pretreatment)

Figure 3.11: Chipped SRC willow

3.3 Sample Preparation

For analysis samples need to be prepared by specific meBmatsampling
and sample preparation can result in distorted resdempling and preparation
followed standards where specifiddore details on these methods are discussed in

the following setions.

76



3.3.1 Dryingand Sampling

For raw samplegwood chips, ground coffee and brackeither collected
directly after being harvested or samples thatlheen washed the biomass has to be
dried first. To keep this initial drying process the same betvgaenples a routine
drying step was used. Samples were placed intAREX 430 drying oven for 72
hours at 40C. Every 24 hours the samples were mixed to ensure the whole sample
dries and prevents moisture accumulating in the centre of the biomas3de.
process was repeated for the entire supply of biom&ss. process reduces the

biomass moisture content to less thami0x%.

In order to ensure the samples usechi@aracterisation and combustimmalysis
are representative of the bulk sampled rot systematically biaghe coning and
guartering method was used. This involved first passing the whole sample through the
cutting mill to reduce the particle size to less than 4mm. This is not an acoetatsl
of ensuring the particle size is consishebelow 4mm therefore ivassievedfurther
and particlesbovethe size limitwereseparated out. The heapsefparategharticles
is thenflattened and split into four quarters. A small sampkf§) is taken from each
quarter mixed and used for proxiate analysissingle particle combustion and for
ashing to be used in metals analy$ise remaining particles in the heap are combined,
flattened and quartered smaller sample-bq) is taken from each quartend mixed;
this sample is combined and cryilied to a particle size of less than 1®0. This
sample was coned and quartewsghinto select a sample to be used in ultimate
analysis, pyGC-MS and TGA. Any remaining particles that have not been cryomilled
are combined with the bulk sample to be usedriquetting. The cryomilled sample
not used in analysis was kept separate for any additional analysis required.

3.3.2 Size Reduction/ Milling

For all analytical methods particle size is a key factor in ensigamgple
presents as a homogeneous sdlmreduce the particle size®@mm a Retsch SM300
cutting mill was used, Fig. 31Biomass is fed by gravity from the top entry point to
the cutting area. A centralitting rotor, at 1200 rpm, with three carbon steel blades
shreds the biomass using tréfagal force, this is aided by three more blaf®sting
bars)which are fixed to the walls of the milling chamber. The biomass falls to the
bottom of the milling chamber where there imash sievevith 4mm square holes.
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Using a vacuum, the biomasslimwn through the sieve and into the sample collection

pot.
Feed Inlet
Millieeding N \< Hopper Feeding
f‘ l.,: / rm | ) oy
- oy
Cutting
Zone 4 w-\ - __—~Cutting Rotor
] ] £ Cutting Bars —p* 7
Collection & \/ﬂ\ \
’ _ : | ~ Mesh Sieve
Jar 3 I
N : Outlet

Figure 3.12: Labelled diagram of cutting mill (showing internal mechanism)

For some analysis smaller particle sizes of less than 1mm are required. This
can be done using a cryomill. Although the ball mill has the advantage of being able
to mill more sample in a single run, for the work in this thesis it was more important
that tre particle size distribution was in a narrow size rattgs is to ensure the quality
of the results Therefore, only the cryomill, Fig. 31was used to prepare smaller

particle sizes.

Control Panel—

Sl e cin il G| -

Cryojar

Figure 3.13: Retsch cryogenic mill

The cryomillwas a Retsch cryogenic mill and reduces the particle size to

between 180sm. Approximately 3g of sample is loaded into a 100ml nitrile lined
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grinding jar, a nitrile coated grinding ball is placed in with the sample. The jar is
screwed into the coolingglet and when the program is started liquid nitrogen flows
from the dewar into the cooling jacket whilst the sample gently vibrates, 1Hhis
process first cools the sample to a set point before the vibration intensity increases. It
is important thathe sample is continuously moving to prevent moisture agglomeration
of the sample or warm pressure zones forming within the grinding jar. Once the sample
has precooled the grinding frequency is increased to 5 HZos 3 minutes. After

which the samplesiremoved from the grinding jar in powder form.

3.3.3 Briquetting

For stove combustion tests the milled samples had to be briquetted using an
MTI hydraulic pressand aheating jacketFig. 3.14 When briquetting samples for
stove combustion tests itimportant noto use any binder if possible, this is because
the binder will introduce different organic and inorganic compounds into the fuel mix
which could influence the measurements. Briquetting biomass is mainly dependent on
the quantity of lignin ath moisture in the biomass. Lignwhen mildly heated100-
300 C), will soften and acts as a natural binder. Moisture similarly softens the biomass
particles and improves intraparticle interactions which improves the durability of the

briquettes.

Pressing Rod

Timer

Qil Release Valve

Figure 3.14: Hydraulic Press
Using a stainlessteel die with a diameter 60mm,sample was loaded into

the central column. The column was filled to half of its volur€)g of sample. A

piston press is loaded on top and placed into the hydraulic press. The heating jacket
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was placed around the die and set to €3Wsing25MPathe sample was pressed for
30 seconds, during this time the pressure would fall because ofatiecity and
porosity of the sample in the die, therefore the pressure was raised and then pressed

for 2 minutes. This produced uniformly shaped briquettes.

3.3.4 Acid Digestion for Metals Analysis

As discussed in section 3.4i® order to analyse theetals inthe solid sample
it must be digested into a liguilome digestions were carried out at the University of
Leeds whilst others were sent for external analyBige details of the digestion

processes are explained in the sections below.

3.3.4.1 Wiversity of Leeds

Depending on the element of interest the sample may need to be ashed first,
see section 3.4.1.9he combustion temperature and heating rate can have varying
impacts on the composition of the ashding toresidual unburnt carbon or ksfthe
more volatile metal¥) [Xing et al., 2016]The fuels were ashed at 5&Dfor 3 hours,
this reduces th€ content to below 5 wt.%, and then durthg digestion process HCI
acid is added to remove any residual carbon. This method was chosesebica
minimises any losses in volatile metals and is the same as the British St&#i&d (
ISO 18122:201} see section 3.4.1.3.

0.4g of the ashwas weighed intoa polypropylenebeaker and 10ml of
hydrofluoric acid was added. This was left to reducdrimess over a steam bath.
Hydrofluoric acid is very good at breaking down silicate glass structures which are
very common in biomass and organic matter. Once #@ieynl of concentrated
hydrochloric acid was added atite beaker waseturned to the steamath for 10
minutes. The HCI removes any carbonates released from silica structures and helps to
dissolve some metal structures. After 10 minyt88ml of distilled water was added
and the sample was left to cool.

After the sample had cooled, thentents of the beaker were transferred to a
400ml Pyrex beaker and placed on a hot plate at 80% heating capacity to completely
dry. The dry sample is left to cool after which, 5ml of concentrated nitric acid and 3ml
of 1:1 sulphuric acid is added, thisheated on the hot plate until white sulphuric
flumes persist for at least 5 minutélse sample must not be allowed to go dry. The

mixture of HNQ and HSQs makes a strong oxidising agent meaning any remaining
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inorganic elements should be solubilised. $ample was then removed from the heat
and allowed to cool. The final step was to add 200ml of distilled water to the beaker
and placed on the hot plate for 30 minutes, this is to ensure any elements which may
have crystallised or precipitated can be dissd into the solution. The solution was
removed from the heatransferredand made up to 250ml in a volumetric flask.
Dilution was always conducted to produce estimate concentrations in the parts per
billion (ppb) range. For some of the samples in thalfstep only 50ml of distilled

water was added and heated, and then when diluted only made up to 100ml. This was
because the focus was tvacemetal elements and over diluting the sample can mean

a loss of sensitivity in the analytical instrument. Timethod was selected because
biomass can often have high concentrations of silibe@ combination of the acids

used is very effective aktracting components from the glass structuregpeodiicing

a highquality solution for ICP analys[€&eana et al.,@L1]].

3.3.4.2 SOCOTEC Analysis

Some samples were sent to SOCOTEC UK Ltd (Bretby Business Park, Ashby
Road, Burton upon Trent, DE15 0YZ) for analysis. Tdnmlysis was done by first
ashing the sample according to the British Standard described in sgdtonThen
0.25g of sample was dissolved in concentrated nitric acid for two hours using a whirl
mixer. The solution was then placed in a heating block and incubator and left
overnight. The following day 5ml of 25% HCI was added to the sample and eated

80 C beforetransferring to a volumetric flask ready famalysis.

3.4 Experimental Methods for Characterisationof Fuels and Ash
This section focuses on the experimental methods used to detelreameal
and physicaproperties of biomass. Samplesre tested in duplicate or triplicate and
the average of the results was used. The standard deviation was calculated to

demonstrate the variability (error) across the sample.

3.4.1 Proximate Analysis
Proximate analysis is the characterisation of fauel foroperties: moisture,
volatile matter, ash content and fixed carbon. These are discussed in more detail in the

following sections.
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3.4.1.1 Moisture

Moisture analysis is to determine the as receial hoisture that can be
removed from a fuel by @n drying, British StandarBS EN I1SO 18134:2015
Using a milled sample with particle size of 1mm or ledsy of sample is weighed
into a dish and dried ia CarboliteMFS oven at 105C for a prolonged period of time,
>3 hours. The sample is weighedeafland the difference in mass is the loss of
moisture, this is determined by Eq. 3.1.

o a
) o p T TT O

Where:
M- Moisture content
my- Difference in mass of sample before and after drying
ma- Mass of sample before drying
3.4.1.2 VolatileMatter

Analysis of the volatile matter content is by British Standa& EN 1SO
18123:2015Using~1g of sublmm particle sized sample, the sample is weighed into
a crucible and placed mCarboliteOAF 101 furnaceat 900C (+10 C) for 7 minutes.
The difference in mass before and after is due to the loss of volatiles from
devolatilisation and moisture. The remaining sample is a combination of eachon

char and ash. The volatile content is determined by Eq. 3.2 on a drydimsis (

p Tt TTA . p T
wu — U S o]
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Where:

VMap- Volatile matter content on a dry basis

mp- Difference in mass of sample before and after devolatilisation
me- Mass of sample before devolatilisation

M- Moisture content

Volatile matter refers to the release of light hydrocarbons and tars into the
gaseous phase from the thermal decomposition of a fuel. The release of volatile gases

is termed devolatilisation.
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3.4.1.3 Ash

The ash content is determined by British Stand&®dEN ISO 18122:2015
Sample with a particle size of less than 1mm is weigkéd)(into a crucible. The
sample is placed into@arboliteOAF 101oven at room temperature. It is then heated
to 250 C at a consistent heating rate over 30 to 50 minutesnWheeoven reaches
250 C the sample is left to dwell for 60 minutes, this will remove moisture and
volatiles. The temperature is then raised to 85810 C) at an even heating rate over
a 30minute period, the sample is left at this temperature for amimi of 2 hours.
The mass of sample remaining is the ash content calculated by Eq. 3.3 on a dry basis
(dby).

. a pTIT
0 g PTT T
Where:

Adp- Ash content on a dry basis

me- Mass of sample remaining after ashing

me- Mass of sample before ashing

M- Moisture content

3.4.1.4 Fixed Carbon

The fixed carbon conterfECan, is calculated by difference, Eq. 3.4.
@ pTTTIWO 0 o8
The fixed carbon refers to any material that is left after drying and

devdatilisationbut excludinghe ash.

3.4.1.5 Analysis by Thermogravimetric Analysis (TGA)

For samples where there is only a small amount available or the particle size
is very small (below 13£n), proximate analysis by TGA ismaoresuitable method.
The greater sensitivity and online mass measurement will mean that the results will be
more precise and identification of the end of each phase isaasifgobsered Using
aMettler TGA/DSC 3+Fig. 3.5, sample is weighed out into a crucible. The mass of
sample is variable however it should not fill any more tharfs263 the crucible
volume. The TGA is automated so will load the crucible onto the balance and into the

furnace at room temperaturth nitrogen the temperature is raised to 1D5at
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10 C/min and then held for 15 minutes. Still in nitrogen the temperature is raised to
600 C at a rate of 1%/min and held for 30 minutes. The environment is then switched
to air and heated to 610 at 5C/min and held for 30 minutes. Fig§.16 shows a
typical plot from a TGA proximate experiment. Some methods will continuously heat
the sample up to 90C and hold the temperature for prolonged periods, however that
is not necessary in the analysis of biesaince there is no observable change in mass
above 600C. Using the raw data from the TGA the amount of noise can be used to

determine the error by standard deviation in the obtained values.
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Figure 3.15: Mettler TGA instrument
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Figure 3.16: Typical TGA plot from proximate analysis

84



3.4.2 Ultimate Analysis

Ultimate analysis is used to determine the carbon, hydrogen, nitrogen, sulphur
and oxygen concentrations of a biomass. The British Stand&®dEN 1SO
16948:20150nly relates to the determination of carbon, hydrogen and nitrogen, this
is because these are considered to be the most important input parameters when
calculating parameters related to the combustion of $mbchassfuels. Using a
ThermoCE Instruments CHNS Flagflemental Analyser 1112 serid®e elemental
contents of a sample are determined with oxygen being calculated by diffeégnce
2.2 All the samples were run in duplicate or triplicate and the average and standard
deviation (error) was calculatddrrors are given within the results in the following
Chapters)Since all the samples used were solid, tin capsules were used throughout,
2.5mg of sample was weighed into each crucible and sealed. The sample has to be
cryomilled (particle size of less than 1€0) to ensure the complete combustion of the
sample. The sample is loaded into a carousel along with a series of standards. The
selection of standards is key to the reliability of the reswuitthis work the standasd
used weratropineyvanadium pentoxide, BBOT 6gH26N20.S), 0oatmealmethionine,

sulphanilamide and cystine.

The CHNS works by injecting a sample into a combustion column at900
The combustion column is filled with dry high purity oxygehis is imprtant to
prevent the presence of undesired nitrogen and water which could impact on the result.
As the sample combusts the carbon converts to carbon dioxide, the hydrogen to water,
nitrogen to nitrogen gas or oxides of nitrogen and sulphur to sulphudei®@hlorine
in the fuel often reacts to produce hydrogen chloride but this is filtered out by
absorbents. The ash in the sample falls to the bottom of the column.

The gases are then removed from the combustion chamber and carried by a
flow of helium aml passed over a high purity copper catalyst at @0This removes
any excess oxygen and reduces any nitrogen oxides to nitrogen gas. Combining this
with the absorbent traps the remaining gas should be composed of carbon dioxide,
water, nitrogen and sulphudioxide. These gases are then separated by gas
chromatography (GC) and quantified by thermal condiigt detectors
Quantification is only possible if the correct standards are used and the standards are

of a high purity.
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3.4.2.1 EC/OC Analysis

EC/OC analysis was conducted at Sunset Labs. This was done using the
NIOSH 5040 method. This thermally desorbs the PM from the filter paper and this is
carried by helium gas to an FID where it is analysed using a thermal optical technique

to determine the represtative quantities of EC and OC.

3.4.3 Chlorine Analysis

Chlorine analysis is more complicated since chlorine caim l®th organic
and inorganic forms. Cl can be determineddbgmical fractionatiorusing water,
discussed in section 2.2.3, however this will only detect the gatable fraction.
The British Standard method, BS EN 16994 [2018Fs a bomb calorimeter which
dissolvesthe released gaseous Cl| from combustion demnisedwater by a gs
washing bottle. The vessel and the asiall rinsed out withdeionisedwater which
is combined with the water used to dissolve the gaseous Cl. The sarapkdyised
by ion chromatography (Dionex DX 100 lon Chromatograph and LC20
Chromatography enclase) with anion detectioo determine the quantity of Cl in the

sample

Cl analysis was also conducted by SOCOTEC for some fuels. In this case the
fuel was digested using hydrogen peroxide@# and made up to volume by

deionised water. The sample vaaslysed by ICRMS to determine the Cl contents.

3.4.4 Calculation of Calorific Value

Determining the calorific value used the.% C, H and N valuesn a db
determined from methods in section 3.4.2. Friedl| et al. [2005] presents two methods
for calcuhting the higher heating value (HHV) of biomass baseith@results of 122
different biomass samples. The two methods are based on developing a mathematical
model which minimises the error between the predicted and measured HHV on a linear
regression ploagainst the concentration @f, H and N. To perform this analysis,
Friedl et al. [2005] uses aordinary least square (OLSIEqQ. 3.5, and partial least
squares (PLS) method of analysis, Eq. 3.6.
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The reason Friedl et al. [2005] uses two methods of analysis is to resolve
problems of collinearity in mulvariable analysis. However, the results from both
E q . 0 suce p simildr result, therefore an average of two models is proposed, EQ.
3.7. Eq.3.7is used throughout this wodnd theHHV is on a dry basig kJ kg?.
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3.4.5 Metals Analysis
Metals analysis of solid samplésice minor and major metals (metals in ash),
was determined by acid digestion of the samples, see section 3.3ahaysis by

Inductively Coupled Plasma speatretty (ICP). This included two types of ICP:

1. InductivelyCoupled Plasma Mass Spectrometry {K&B)- thesample idirst
atomised andlissociated into singularly charged individual ionghin a
plasma The ions are passed through a quadrupwes analysewhere they
are separated based on their mass to chatige Quantification is by detectors
which are calibrated against standards of known concentratibnes.
instrumenused was Thermo Scientific ICAPQc ICIRS.

2. Inductively Coupled Plasma Optical Emission Spectrometry-QES) the
sample is aspirated amadomised and dissociated in a flame to produce atoms
in an excited state thealements are determined by the energy released
(emission of light) in electron deexcitation. The wavelength of light is
characteristic of the element. Quantification is by detsccalibrated against
standards of known concentrationistrument is aThermo Scientific
iICAP7400 RadicallCP-OES

Both methods can analyse a large number of elements in a single run. However,
ICP-MS detection ismore sensitiveparts pertrillion (ppt), where as in ICFOES
detectionis only parts per billion (ppb). Conversely, the total dissolved solids (TDS)
in ICP-OES can be up to 30% conc. Where as inM¥®this can only be up to 2%.
These are two key factors when deciding the anatysthod.During ICP analysis as
well as the instrument calibration a small amount of each sample was separated and
used to determine the precision of analysis. This was done by doping the sample with

a known quantity oélement being analysed.
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3.4.6 Ad1 Fusion Tests

Ash fusion tests are used to determine thenaslting behaviour of samples
by uniformly heating them from 560500 C and capturing a black and white image
every 1C increment. The images are then analysed by the analyst to determine 4 key
characteristic temperatures at which deformation ocdlrsse key temperatures are
termed: softening temperature (ST), initial deformation temperature (IDT),
hemisphere temperature (HT) and flow temperature (FT). This is the method from
British StandardS EN ISO 21404:2020ig. 3.17

Samples must first be ashed, method is in section 3.4.1.3, and enough ash must
be collected to make a test piece. The ash was cryomilled to get a homogeneous
particle size as variability in particle size can have a langact on the results. The
test pieces are made in duplicate using a stakskest mouldMoulds are cylindrical
in shape with equal height and diamete8rim). The mould is coated in a thin layer
of petroleum jelly to prevent the test pieces from stigkin a beaker ash is blended
with 2 or 3 drops of dextrin solution to form a thick paste. The mould is then filled
entirely with the sampteany holes or unsmooth edges wilake determination of the
phases more difficult for the analy3the sample iseft to dry for 10 minutes, dry
enough for it to be stable out of the mould. Once the sample is removed from the
mould it is left to dry for at least 24 hours. The test piece should be a uniform cylinder

with a flat top and defined sides.

3 EEE S
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Figure 3.17: A% melting behaviour determined in AFT 1) Initial test piece shape
2) Softening 3) Initial deformation 4) Hemisphere 5) Flow [British Standards,
2020]
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Samples are loaded into the ova@arbolitedigital ash fusion furnace, slowly
to prevent thermal shock. The samples are heated & i’ in air (oxidising
environment) with a flow rate of 50 ml minThe furnace is fitteavith a camera and
analysis of the samples is done by measuring thegasaim height and aspects of the
deformity of the test pieces. Fig. 3.8hows the definitions of each characteristic

temperature and how the temperature is determined [British Standards, 2020].

3.5 Experimental Methods for Combustion Analysis

3.5.1 Themogravimetric Analysis (TGA) for Combustion and

Pyrolysis Properties

Combustion and pyrolysis properties of fuelsraanalysed using &himadzu
TGA-50. Up to5mg of cryomilled sample was loaded into a crucible, no more than
2/3 of the crucible volume,na placed onto the microbalance. The microbalance
positioned the crucible inside the furnace. The temperature was raised from room
temperature to 90C with a heating rate of IG mint. The mass of the sample is
recorded throughout from which masss curves and derivative thermogravimetric
(DTG) plots were obtained. For combustion analysis the furnace is filled with air at a
flow rate of 50 ml mirt. For pyrolysis the furnace is filled with nitrogen instead of air
at the same flow rate. The heagtirate sample masand flow rate were chosen to
ensure a sequential process so that diffusion and heat transfer limitations have minimal
influence on the results, this is particularly important when using the data to calculate
kinetic parameters. The imgmentation is shown in Fig. 81This type of TGA
analysis is considered slow heating rate analysis. This is useful for defining individual
stages ofpyrolysiscombustion and analysing how a fuel will react within a

temperature region.
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Microbalance

Pan

Figure 3.18: TGA used in combustion and pyrolysis analysis

3.5.2 Kinetics of Combustion and Pyrolysis
Analysis of the mass loss profiles can be used to determine kinetic parameters
of the fuels. Assuming that the first order single stegction model applies, the
Arrhenius equation, Eq. 3.8, can be used to estimate thexpomential factorA, for
measuredreaction rate constagtk, at different temperatureand the activation
energy Ea.
G500 O
0 WN—
n ‘Y . Y 0‘&"
In Eq. 3.8Ris the ideal gas constant ahds the temperaturi@ K. The weight
loss with time is assumed to be from one foxder reaction described by Eq. 3.9.
q p Qa 2
-~ O
a a Qo
Wheredm/dtis the tangent to the mass loss curve at tinma,is the mas at
time,t, andmex is the terminal mass, selection of a terminal mabkgidy influential
on the value ok and the overall accuracy of the model.andA can be evaluated

graphically using Eq. 3.10.
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When using the constant reaction rate method, a boundary condition must be
applied in both combustion and pyrolysis cases. The boundary condition means that
the values of the kinetic parameters calculated are only applicable to the reaction rate

constantswithin the temperature range. Calculation of the kinetic parameters uses a
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linear regression method of analysis. Linear regression models calculate the best fit of
the data to a line, this is usually evaluated by using the kinetic parameters calculated
within the boundary to predict a reaction rate constant which is compared to the actual
reaction rate constant. The difference between the two values is an observable level of

error.

Minimising this error has been extensively researched with alternative
metods proposed which estimate improved reaction kinetics. This includes proposed
nortlinear regression models which have improved accuracy and beidgeancan
be applied to a greater range of data. Saddawi, Jones and Williams [2010] have
compared restd of the constant reaction rate method with bespoke methods proposed
by other authors. The results showed thaafiyarent first ordeeaction rate constant
method gives outstanding accuracy to predictions of kinetic parameters. Therefore
because of itsnore simplistic method the constant reaction rate method is used

throughout this work.

3.5.3 Pyrolysis Gas Chromatography Mass Spectrometry (PyGC-

MS)

Analysis of organic samples using @4S is highly efficient, accurate and
sensitive. Pyrolysis of th sample before being injected into the GBreaks the
biochemical components in biomass down into smaller fragments and volatilises them
along with lipids already present in the biomass. These volatile components are
separated based on their retentionetiwithin the GC column and are then identified
using their mass to charge ratio (m/z) in the mass spectrometer. The whole technique
allows the identification of a wide range of organic molecular components of biomass
this is done by comparing peaks to the NIST database and literature. The
decomposition source of resolved peaks (carbohydrate, layrfiaty is determined
by the time at which they are detected, earlier peaks are associated with carbohydrate
sources, amhtheir relative abundance is calculated by integrating the peakTdisa
is a semiquantitative method and values are used comparatinetyas an absolute.

The pyrolysis of the fuels waserformedin a CDS Pyroprobe Model 5000 at
a rapid heating ta of 20C ms' to a temperature of 600 with a hold time of 60s.
The sample was weighed2-3mg) into a 20mm silica glass tube between two plugs

a quartz wool. It is important that the tube is cleaned sufficiently to remove any
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residual ash and heat tted to remove any fats, grease or oils that can reside on the

tube surface from handling and storage.

Once pyrolyzed the sample is fed into the GC column, ShimadzmM&C
Model QP2010E, and mixed with a high purity helium carrier gas. The column was
an RTX-1701 fused silica column, 60m in length with a 0.32mm internal diameter and
0.2%m film thickness. The volumetric flow rate in the column was 1.34mL*min
This type of column is a migolarity column which is typically used for separation of
hydrocarbos, oxygenated, chlorinated, nitroaromatic and polychlorobiphenyls
(PCBs). The GC oven started af @or 2 minutes and then heated at@onin? to
180 C for a hold time of 2 minutes. The oven was then ramped agai ah#! to

280 C and held for 10 mutes.

The use of PAGC-MS was to compare fingerprints and relative quantities of
organics species from raw and {treated forms of biomass, pteatment was by
torrefaction. Torrefaction is discussed in more deta#antion3.6.1, and is mostly
conerned with removal of low volatile organics below 300The column and oven
temperatures/ heating rates used were to obtain the right sensitivity of separation for
low-medium weight volatile compounds. The broader the analysis the less sensitivity
of theseparation and precision in identificatidimerefore careful consideration must
be taken to selecting these conditions.

3.5.4 Single Particle Burning

Analysis of the combustion of biomass at higher heating rates can be
performed using single partialembustionthis method is based on the one developed
in Mason et al. [2016]Fig. 3.19a [Mason, 2016This is done by using a hieggpeed
camera (Fujiflm Finepix HS10 digital camera) with a frame speed of 120 fps to
capture the combustion profile. Usitige images generated, demarcation of ignition,

devolatilisation, char burnout and ash cooking is establighigd. 3.19kd.

Before combustion individual particles are sized and weighed, the typical size
is approximately 2x1x5mm. The particle is suspendeds needle 25mm above a
Mekér burner. The particle is then covered by a watarled sleeve which slides along

two bearings and this is retracted and exposed to the flame at the start of each test.

92



This allows instantaneous exposure of the particlegdlgme €0.1s). The point at

which the particle is exposed to the flame is t=0s.

(b) (©) (d)

Figure 3.19: Single particle burning experiments (a) equipment setugMason,
2016](b) particle heating up (c) flaming combustion (d) char combustion

The Melér burner provides a methaia@ mixed flame. The size of the Mé&k
burner (diameter of the base of the flame, 40mm) and the consistency of the
environmental conditions surroding the flame means that the flame can be assumed
to be in a steady state. This includes the concentration of ox\&jén),(the
temperature (1600K) and flow propertiesng3?) in the combustion zone where the
particle was suspendébllason, 2016] The camera was positioned 200mm from the
particle in the same line of sight. The position of the camera and particle remained

consistent between runs.
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Identification of the combustion events was by the analyst usingidie®

frameimages collegd The eventgan be identified by the following criteria:

1 Ignition- This is the point when the particle has dried and devolatilisation
starts. Devolatilisation elutes a gas mixture which combusts above the particle
surface which is recognised by a luminous flame.firhe at which this flame
appears is defined as the start of ignition/devolatilisation. The time between
the first exposure of the particle to the flame and when the particle ignites is
termed o6ignition del ayod.

1 End of volatile combustiodtart of char bumout For simplification in analysis
it is assumed that char burnout starts at the point when volatile release ends,
this is defined by when the luminous flame disappears. In reality this is not the
case since the bottom surface of the particle is expdisectly to the flame
which results in this surface heating at a faster rate. Therefore, when volatiles
are being released from the top of the particle the bottom of the particle has
turned to char and begins combusting.

1 End of char combustierThis is the most difficult point to define. As char
combustion proceeds the particle gldvesn the emission of CO and G&om
the particle surface. The intensity and brightness ofjline increasess char
burnout progress until the particle begins to shrink.I8Vkhe particle shrinks
the finalcarbon in thechar combustleaving residual ash. For this work the
char combustion phase ends when the particle stops glowing. This covers the
majority of the char combustion phase however by using an estimated 5% error

margin should account for the missing time period.

The camera was run in conjunction with potassium release detection.
Assuming that the flame temperature is stable for the duration of the observation, the
intensity of spectral emission is directly projpenal to the release of specific
elements. Using a monochromator (Edmund Optics Techsenipass interference
filter) an emission wavelength of 766nm (bandwidth frequency of 5.11THz) is filtered
out This isfocused onto a photodiode (Vishay BPW34)darcing a current which is
converted to a-® volts output signal. The output signal is recorded and determines
the relative intensity from potassium release. A second aheitrtor system is set
up in parallel to the potassium measuring pragtector btiat a lower optical centre
wavelength of 750nm (bandwidth frequency of 5.33THz). The second-pktgotor
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is used as a means to measure and correct for any backgrountbdrdgciadiation

from soot particles and the flarFurther information is descriden Mason [2016].

The photedetector device has a high level of precision, estimated td %e
Volatilisation of potassium produces KCI and KOH both of which are volatillea
estimated flame temperature, however it is not possible to distinguigbdrethe two.

The photodiode is designed to have a linear response to-iptensity and thus the
concentration of potassium in the volatile phaGaydon and Wolfhard [1970]
discussed the effects of salbsorption phenomena (absorption of the light siois
from a potassium particle by another potassium particle) however as discussed by
Mason [2016] this phenomenon can be assumed insignificant because of the low

potassium concentration found in the biomass analysed.

3.5.5 Stove Combustion

Stove combuson tests were used to compare the emissions from various fuels
in a reallife simulation. The stove used was a Waterford Stanley Oisin multifuel stove
rated at 5.7kW and 79% thermal efficiency. This is a-raitje stove that is suitable
for burning bothcoal and biomass. The stove was not changed throughout the
experiments. The stove has internal dimensions of 250x270x190rird) and a
single primary air supply point at the front on the stove door, as shofig. 321.
The air flow was controlled by keeping the orifice at a fixed opening, this was set to
supply 150% excess air to the stove as recommended by the manufacturer fesbioma
fuels. The stove dimensions, fixtures and parameters were kept identical throughout.
The whole stove assembly sits on a KERN balance for measuring the burning rates of

each batch of fuel.

Operating conditions were chosen to simulate alifeadcenaio. The method
used was kept as consistent as possible throughout because small variations can have
a significant impact on the performance and associated emissions. Ignition can be
especially problematic with certain typesadmasseand therefore therpcedure for
lighting the stove varied-or this reason through all this work, combustion of the first
batch of fuel was annulled and left out frtme determination of average burning rates
and emission factord=rom the second batamwards,all data wasncluded until
combustion was determined to have endisth batch of fuel that was loaded into the

stove was kept consistent by weighi{1.5kg). Once the fuel was loaded the stove
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door was closed until the majority of the mass of that batch had besarnged this

varied between fuels because of the energy required for the fuel to combust and the
rate at which the fuel degrades. Multiple reloads were performed from 1 to 4satche
this was to evaluate if the emissions were a reproducible result asddutate average

emission factors across the whole combustion run.

Using the extraction system of the lab, an extraction draught was used to draw
the flue gas up through the stack and into the dilution tunnel. The draught was kept
continuously at a statipressure of 12 Pa which is a flow rate of approximately .2 m
h. The flue gas was mixed with room temperature air in the lab at the entrance to the
dilution tunnel. Analytical equipment sampled from both the flue stack and the

dilution tunnel; thesean be seekig. 322.

Developing a method for stove combustion tests is a complex subject, as
discussed in section 2.4. For the work in this thesis a hybrid method has been
developed based on the objectives in section 1.5. As mentioned in section 2.4 by using
a hybrid method its important to ensure thresults are reproducible. Therefptige
method is first tested by conducting thgeriment with uniform wood briquettes, this
IS repeated three times. The results are shown irBE2@sc, all the results are within

a 10% exprimental margin of error which is acceptable
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Figure 3.21: Schematic of stove combustion lab setup
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3.5.5.1 Gaseous Emissions

Measurements of gaseous emissions was by two instruments. The majority of
emissions measurements was bASMET DX4000 Fourier Transform Infrared
(FTIR) Analysemvhich sampled directly from the flueask1430mm above the stoye
Fig. 3.2. A sampling unit draws the flue gas through a heated probe &t 1@tich
contained a 0dm sintered steel filter and then through a Teflon coated heated line
(180 C) and a glass fibre filter. Within treampling unit the oxygen concentration is
measured by a Zirconia sensor (for calibration purposes) and then determination of the
gaseousand vapourphass was analysed in the FTIR.

FTIR analyses the flue gas by exposing it to infrared radiation raduga
wavelengths and measuring the energy absorbed. The energy is absorbed by the
chemical bonds within molecules. The interferometer produces an optical signal
containing all the infrared frequenciasd the energy absorbed in detectéte signal
is real and decoded using Fourier transformations which produces a spectrum that is
compared to a database library giving the identity and concentration of individual

species.

The main advantage of analysing the flue gas using this technique is that it is
an orfine measurement that can determine the identity and quantity of multiple
gaseous species. Quantification can be in the ppb to 99.9 vol%foaisgene species,
but the ppm level is more usudlhis can be done with minimal sample and at short
intervals. Additionally, the precision, accuracy and reproducibility of FTIR is
exceptional, this is mainly because the interferometer uses a reference laser beam
which is highly tuned to optimise performance. There are some limitations of FTIR
the main concerns beirtbat interference and overlap of signals can mean detection
of certain species is less sensitive or lost (e.qz &@certainhydrocarbons) and the
calibration of the instrument is essential to the results. Associated errors for 12 gaseous

species are slwn in Table 2.
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Table 32: Uncertainty in measurements for FTIR DX 4000 [MCERTS, 2016]

aseo or (% ASeo or (%
hecie DECIE
O2* 2.4 HCI 11.3
CO 6.5 NH3 9.3
NO 5.6 CO. 5.0
NO:2 6.7 H>O 6.0
SOz 9.2 HF 19.4
CHsOH 4.0 CHa 6.1

*Zirconia sensor

The other method of gas analysis was with a Testo 340 Analyser which

samples from the dilution tunnel. The Testo can only analyse concentrations of O

CO, CQ, NO, N& and NOx. It measures concentrations of these species using

electrochemical sensors which use oxidation and reduction reactions to generate a

current proportional to the concentration. It is an online measurement technique which

offers great sensitivity ahaccuracy, however the sensors can become overloaded

easily if the concentration (usually @@&nd temperature of the sample is too high, for
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this reason it must be placed in the dilution tunnel. Operational measurement errors
are shown in Table 3. The dilution factor can be calculated by the ratio of

[COeTR]/[COrestd, this is important for calculating the emissions of particulates

Table 33: Uncertainty in measurements for Testo 340 AnalysdiTesto, no date]

aseo hecle or (%
02 0.2
CO2 0.2
CO 10
NO 5.0
NO:2 5.0
NOx 5.0

3.5.5.2 Particulate Measurements

Particulate sampling and measurement techniques used filter papiéodls
to collect PM Then bymeasuring thelifference in mass over the sampled volume of
flue gas the emissions can be calculated (gravimetric analysis). This is a discrete
method that cannot be used to givetéak analysis. Isokinetic sampling parameters
are important for reproducibility dheresults however this is less concerning in stove
combustion because the majority of PM is-suicron and the sampling probes are
located in positions where steady state flow is established. Alternative methods such
as light scattering and differential mitily spectrometry offer greater sensitivity for
smaller particle sizes and online measurements. However, the use of gravimetric
analysis means that samples can be chemically tested for E@Md@&|soused in
inorganic digestions and scanning electronrascopy (SEM).

Impactors were used for the majority of PM emission measurements which
conforms toBS EN ISO 23210:2009This method is used for low concentration
measurements of PMiD5 from stationary source emisssonDekati 3stage
impactors were uskewhich samples from the dilution tunnel, see Fig0®r 321, at
a rate of 10L min?® (+10%). The sample is drawn through a nozzle and using
momentum inertia separates particles into 4 size bandwreltBsm, 162.5¢m, 2.5
1.Cem and<1.Cem. The separation mechanism is shown in Fig.43.P’sing the

dilution factor described in section 3.5.5.1 an emission factor can be calculated.

The other method used was to sample directly from the flue stack using an

Oliver and Richards exhaust smoke metre. The smoke metre is more flexible in
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operation because filter papers can be changed rapidly so it is not overlbaided.
means emission faat® for specific periods of combustion can be determined (e.g.
flaming and smoulderingY.he filter papers and foils can be changed in the impactors

but this requires a greater workload and is more time consuming.

Samples were drawn through a 4mm nofmen the centre of the flue stack.
The gas was transferred along a Teflon coated heated lineQ)LlR@o the smoke
metre unit. Using glass fibre or miequartz filters in duplicate (two filterlsackto-
back the flue gas flows through the paper and pkasi are filtered out. The filter is
housed in a heated block at @throughout the duration of samplirthis prevens
low volatile tar and hydrocarbons from condensing. The volume of flue gas that flows

through the filter papers is measured with a sepagas meter.

Nozzle Diameter D \\\\I /
| AL

Stage 2: >2.5 uym
Stage 1:>1.0 um

Figure 3.24: Separation mechanism of the Dekati &tgae impactors [Dekati,
2017]

Stage 3:>10 ym
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3.5.5.3 Emission Concentrations

The units for the measurements are usually shown in ppm or Vol%.
International standards require that the emission contientis.shown on a dry basis,
at 13% Q concentration and atormalroom temperature and pressure as shown by
Eq. 3.11.
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WhereCi is the concentration of spesi, Tr is the temperature of the flue gas,
Tr is the standard temperature of @rC), P is the absolute flue gas pressudesis
the industry standard oxygen concentration (13@); is the measured oxygen
concentration an is the moisture content. This concentration is then converted to
mg of emission per fof flue gas using Eq. 3.12.

o a O Nna — oP g
W p
WhereMmaiis the molecular mass of tepecies (i.e. for C&t is 44.01 g mol

1y andVmsis the molar volume at standard/normal room temperature and pressure
(22.41).

3.5.5.4 Emission Factors

Calculation of emissions factors (gkgr g GJ) is a complex subject and is
the main reason fdarge variations in reported data from literatuE€&s on a mass
basis are per kg of dry fuel and on an endragyis is per GJ of fuel based on the HHV.

Within this worktwo methods of calculation were used:

1. The Specific Dry Flue Gas Volume (SDFGV) methatlis method was
developed by the AEA for conversion of industrial biomass boiler emission
concentrations [AEA, 2012]. This method was used to calculate the emission
factors for the gaseous products. Eq. 3.13.

0 “YO'OOw
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The SDFGV must be defined at standard temperature and pressure, and
corrected for the oxygen concentration.

2. The Total Flow methodthis is a scientific method developed to consider the
physical combustion properties. This method was used to calculamibson

factors for the particulates. Eq. 3.14.
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WhereQ is the volumetric flue gas flow rate addis the mass of fuel burnt

betweern andto.

The SDFGV method uses the proximate and ultimate analysis of the fuel to
determine the stoichiometry of combustion, volume of flue gas produced from a
kilogram or gigajoule of fueMhereaghe total flow method is an integration of the

conversion of fueto flue gas.

The main advantage of the SDFGV method is that it is relatively simple and
effective when comparing between different fuel types. Throughout this work the
focus was on the impacts of chemical composition on the emissions produced and to
redwe influence of physical propertigherefore the SDFGV method was very useful
in analysis. However, the SDFGV is limited by the lack of consideration to the actual
combustion process, this is particularly evident when analysing PM emissions. For
this reaon, the total flow method is used in the analysis of PM.

3.5.5.5 Balance (Burning Rate)
The stove is positioned on a KERN DE 300K5DL balance in the centre of the
trihedron. The mass of the stove is recorded online-ratniite intervals and the

change irmass over time is the burning rate.

3.5.5.6 Temperature

Temperature measurements were made usingyp& thermocouples
positioned at multiple points around the stove. The measurements were made every
second by an automated system using a PicoLog lmah&adtware. Positioning of the

thermocouples around the stove are shown in Fi§. 3.2
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Figure 3.25: Positioning of the thermocouples around the stove test facility
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3.5.5.7 Flow Measurements
The dynamic pressure in the flue stack was measured usktgpe S\bhler
DC 100 Pressure computdnitially these measurements were taken every minute
manually Chaptes 4 and5) however in the l&r work this was automate@l{aptes
6 and 3. The dynamic pressure is then converted to a velocity by Eq. 3.15 at the

position of the pitot tube in the flue stack.

L C@¢ 08 0 - op v

Whereq®P is the dynamic pressureyés the absolute pressure, Tthe flue

gas temperature andet fiue gadS the density of the wet flue gas (assumed to be 1).

3.5.5.8 Assessment of Stove Performance

In order to asses®iow complete combustion is termed the Modified
Combustion Efficiency (MCEandhow much fuel is bunt, the extent of combustion,
Egs. 3.16 and 3.17 are used.
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3.6 Experimental Methods for Pretreatment

3.6.1 Torrefaction

All torrefaction work was undertaken to produce a torte$ielid sample no
analysis of the gaseous or tar products was undertaken. Torrefaction was performed in
a bench top EliteTMH12/75/750 tube furnace. The tube furnace is divided intos3 zone
controlled by 3 Eurotherm controllerd thermocouple monitors themperature in
each zone. A borosilicate glass tube filled with 20680¢) of biomass was loaded
into theelectricfurnace per experiment. The sample is positioned in the centre of the

tube between two plugs of glass fibre wool, Fig63itrogen flowsat 1.2L min'
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through the tube throughout the torrefaction process, the flow is controlled by a static
flow meter, this is to ensure an inert environment in the tube. The biomass was heated
to 150C at a ramp of 1 min and held for 60 minutes, this was to remove moisture
The temperature was then raised to°Z7@t the same heating rate and held for 30
minutes. The sample was removed from the furnace immediately at the end of the
process and remained in a nitrogen afhese, this was important to prevent any
further reactions. The cooling proces#l takes a significant amount of time to reach

a temperature where reactions stop, this is approximately 15 minutes but is dependent
on the biomass type. Additionally, thentperatures recorded by the thermocouples
shows that the centre of the furnace is up toC20@otter than the programme

temperature, this is due to exothermic reactions and thermal insulation in the furnace.

Thermocouple

Inlet Flow of N,
.‘[: " [

Flow Metre

Outlet Flow of N,
Volatile Gases and Tars

Y

Type 2216e Type 2416 Type 2216e

—l Eurotherm Controllers }—

| PicoLog Data Logger ‘

Figure 3.26: Schematic of torrefaction furnace

The conversion of biomass in torrefaction is described predominately by two

terms, the mass yield and the energy yield, these are described by8EanB3LD.
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Wheremehar is the mass of torrefied product okeedis the mass of material input
HHVchar is the energy content of torrefied product &ftdVieedis the energy content

of thematerial input.

3.6.2 Washing

Washing prereatment was based on previous work by Gudka et al. [2016].
Washing methods are designed to remove fine material and leach inorganic elements
using distilled water. Aotatingdrum mechanism was uséd a Xtreme Tumblers
Rebel 17 Rock tumbleFig. 3.2, this instrument is typically used in the polishing of
gems and stones for jewellery. The drum is made from powder coated steel with a
rubber lining. It is suspended on a pair of parallel rollers held in place by two rubber
coated hardened PV@ops. The drum has a rotation speed of 40 RPM.

Figure 3.27: Rebel 17 Rock tumbler

Biomass was loaded into the rock tumbler drum at a ratio of 1:2 to distilled
water by volume (approximately 400¢16g) willow chip to 800g£10g) of water)
and rotateddr 20 minutes. After being rotated the biomass and leachate mixture was
separated while wet using a series of clarification stages as shown in Bigl'td
separated the washed biomass, fine sediment material and the aqueous phase. This

washing procedarwas repeated eight times, and all the bulk and fines fractions were
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combined. The three products were analysed using a series of methods, Table 3.4, to

determine the composition.

25mm>x>4mm

>200pm Fines 4

Figure 3.28: Clarification process to distinguish three products from wasing

Table 34: Analytical methods for each product

Proximate Proximate IC
Ultimate Ultimate ICP-MS
MetalsSOCOTEC Metals University of Leeds TOC
pH

After washing the bulk and finesamples were left to dry in a fume cupboard
at room temperature for 24 hours, this brought the moisture content down to less than
20 wt.%. The material was then placed in the drying ovens as specified in section
3.3.1. The leachate was immediately botted stored in the fridge until analysis, the
pH of the leachate was recorded every 24 hours to monitor the condition of the sample.

Analysis was within 72 hours of generating the sample.

3.6.2.1 Bulk Biomass Sample
As mentioned in Table 3.6, the collated bulk sample was analysed at the

University of Leeds for proximate and ultimate composition as specified in sections
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3.4.1 and 3.4.2 respectively. The metals analysis was conducted at SOCOTEC labs as
specified in seadns 3.3.42 and 3.4.5.

3.6.2.2 Fines Sample

Proximate and ultimate anagswvere conducted as specified in sections 3.4.1
and 3.4.2. The metals were analysed at the University of Leeds using the acid digestion
method as specified in section 3.3.4nd then using ICRMS for its increased

sensitivity as specified in section 3.4.5.

3.6.2.3 Leachate Sample

The leachate was kept separate from each run. This wias seproducibility
of the washing processes could be assessamt leachate samples, lon
Chromatography (IC), see section 3.4.3 for IC make and model, was used for
identification of some metals and inorganics. IC works by separating ¢Cain-)
ions using a resin (stationary phase) and an eluent (mobile pkas€el)able 3.5 for
details The rein contains the opposite charge to the ions being measured, an ion
exchange reaction takes place between ions in the sample and ions on the resin. Next
the eluent is passed through the column and releases the sample ions which are bonded
to the resin. Degnding on the time it takes for the ions to pass through the column to
the conductivity detecor, the species can be determined and the quantity using
standards. Important factors which limit the validity of the results include the pH of
the solution, theelection of the elud and the purity of the solution (fine material can
block the column). IC has a detection limit in the ppb rarmgsvever,solutions
usually have to be diluted to protect the column. Whenever the sample is diluted a
repeat at a diffemt dilution concentration should be used to ensure samples are within
the detection limit and provide enough sensitivity for more precise analysis. Overall
IC has a distinct advantage over ICP methods because it is highly selective, has a high
separatiorefficiency and can tolerate different sample matrices.

Table 3.5: Details of IC instrument

Column lon Pac AS14A (4 x 250mm) DionexlonPac CS12A (250 x 4mm) colum
Eluent N&aCOs/NaHCG; (8mMol/ImMol) methyl sulphonic acid solutiofl.0nN)

The samples run through both instruments were dilutedgartisample to 20

parts deionised water. This was because of the high potassium, calcium, acetate,
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phosphate and nitrate concentrations. The IC columns have an optimal range which
variesbased on the instrumeand the samplelf the separation column becomes

saturated, then the sample is not sufficiently separated and the results will skew.

For the TOC measurements, samples were dilutpdrtLtsample to 4 parts
deionised water. Thisvas for the same reasons as with the dScussed in the
previous paragraptSamples are loaded into an automated sampler, which injects a
small amount of sample into a flame. The combustion characteristics and volume of
sample injected gives the measuesits for the organic and total carbon with the
remainder being inorganic carbon (e.g. carbonaté®.TOC model is &lach Lange
IL550 TOC/TIC.

For ICRMS, see section 3.4fbr details on the analytical methdde samples
were loaded into the instrumeas collected, no dilution so that elements present in
low concentrations could be determined. {KB ionises the sample and then feeds
this into the mass spectrometer. This is a fast and accurate technique that can measure
multiple metals and nemetals wih a small sample and low concentrations. The issue
with ICP-MS is small changes in some factors can cause large inaccuracies in the
results, these include air contaminating the carrier gas, carbon loading onto the ICP
and argon used in the ionisation pges inflicting background interference on the

detectors. However, for the analysis of leachate it is very robust andtaccura

The analysis for pH was necessary to determine the factors which could be
influencing leaching. It is well documented in liter&tthat acidity aids the leaching
of elements such as Zn, Na, Ca and K [Deng, Zhang and Che, 2013] [Carillo,
Staggenborg and Pineda, 2014] [Yu et al., 2014]. The Apera pH meter is often used in
river water sampling. It uses three standard solutions tochibrate before taking a
measurement. The instrument is specially designed to cope with the influence of solid
material and lack of water clarity. Colorimetry techniques are typically used in British
standards for water pH measurements however thaseidqees are not applicable in
these experiments because of leachate colour as shown in Fig. 3.26.

3.7 Conclusions
In order to summaris@able3.6 shows the fuels that have been analysed and
the analytical methods that have been used. All of the meltaadsbeen discussed in

more detail throughout this chapter.
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Table 36: Matrix of experiments

Chapter 4

Experiment Spruce | Torrefied Spruce | Willow | Torrefied Willow | Olive | Torrefied Olive
Logs Vv vV

. Briquettes V V V V

Fuel Supplied as L?)ose

Chipped
: , Cutting Mill (<4mm) Vv Vv Vv Vv Vv Vv

Size Reduction
Cryomill (<10Qrm) \Y Vv Vv Vv Vv Vv
Proximate British Standard Vv Vv Vv \% Vv Y,
TGA
Ultimate Vv V V V V V
_ IC

Slellils External Analysi§SOCOTEC) |V Vv Vv Y, Y, Y,

‘ ICP-MS
s G EELE External Analysis (SOCOTEC)| Vv Y, Y, Vv Vv Y,

ICP-MS

e e External Analysis (SOCOTEC)
FTIR Gas Analysis V \% \% V \ \%
Particulates (Smoke Metre) Y \% \% \% \% \%
Stove Combustion :
Particulates (Impactors)
Bottom Ash Metals Analysis

Py-GC-MS \Y Vv \Y Vv V V
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Chapter 5

Experiment Coffee Logs Mexmgn RONSE EEREE] MIDEE Willow Wood Logs
eans Robusta Beans
Logs V
, Briguettes V
Fuel Supplied as Loose v Vi v
Chipped
. . Cutting Mill (<4mm) \% V \% \%
Size Reduction :
Cryomill (<100mm) \ \% \% \%
. British Standard \% Vv \% Vv
Proximate
TGA
Ultimate V Vv V V
IC V Vv V \Y;
Chlorine External Analysis
(SOCOTEC)
ICP-MS Vv Vv V V
Minor Metals ExternalAnalysis
(SOCOTEC)
ICP-MS
Trace Metals External Analysis
(SOCOTEC)
FTIR Gas Analysis \% \% V \%
Particulates (Smoke
Stove Combustion - Metre)
Particulates (Impactors \ \% \% \%
Bottom Ash Metals
Analysis
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Chapter 6 Chapter 7

Experiment Bracken | Brackettes BnsE: Sy Miscanthus WOOd SRC Willow
Straw Straw Briquettes
Logs
Fuel Supplied Briquettes Vv Vv Vv Vv V
as Loose V
Chipped V \% \% \%
Size Cutting Mill (<4mm) V V Vv V V V V
Reduction Cryomill (<100mm) Vv Vv V \Y \Y V Vv
Proximate British Standard V V V V vV V V
TGA V
Ultimate V V V V V V V
_ IC V
Chlorine | & temal Analysis (SOCOTEC| vV Vv Vv
. ICP-MS V Vv Vv V V
Ml External Analysis (SOCOTEC Vv Vv \%
ICP-MS \Y Vv Vv V Vv
TraceMetals | e o nal Analysis (SOCOTEC ~ V Y, Y,
FTIR Gas Analysis Vv Vv Vv Vv Vv V Vv
Stove Particulates (Smoke Metre)
Combustion Particulates (Impactors) V V V V \% \%
Bottom Ash Metals Analysis \%
Combustion Vv
U Pyrolysis V
Single Particle Combustion \%
Washing \%
PreTreatment Torrefaction V
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Chapter 4. Comparison of the Combustion Emissions and
Performance from Various Biomass andtheir Torrefied

Counterpartsin a Domestic Stove

4.1 Introduction

Repl acement of coal combustion has
because of acid rain and smidated issues. In 2019 global coal energy generation
fell by 3%, the highest on record [Myllyvirta, Jones and Buckley, 2019]. This was
because of large decreases in coal usage in Europe and the US whilst big coal users
China and India kept usage stabhel ven a small reduction in the latter [Myllyvirta,
Jones and Buckley, 2019].

The replacement of coal by biomass continues to be an area of high research
activity. Within this research torrefaction is an area of priority. The objective of
torrefaction $ to homogenise the fuel composition, reduce the mojshoeease the
energy densityand produce a fuel with physical properties similar to coal so existing
technology can be used. This is particularly important for grinding and milling where
the more ealstic properties of biomass require significantly more energy for size

reduction.

Replacement ofargescalecoal power generation has been largely by gas,
solar and wind, this is mainly because of the high costs associated with abatement
technology, maitenance and fuel preparation for solid fuel combustion [Thomas,
Hook and Tighe, 2019] [Breeze, 2014]. Howewtomestic usage of solid fuels is
increasing. In the UKdomestic stoveapplianceshave been on the rise since 2005
because of their appealing sieetic appearance and direct heating incentives
[DEFRA, 2018].

Domestic stove combustion has since been found to be a major contributor to
increased particulate matter (PM) concentrations. A report by Font and Fuller [2017]
for DEFRA found that wood bamg on open fires and stoves was responsible for 31%
of PMzsin urban areas of London and 38% of PM emissions across the UK. Health
conditions related to increased PM concentrations in immediate and local air quality

studies has shown concerning coriielas with increased risks of cancer, irreversible

115



lung conditions and neurological damage [Valvanidis, Fiotakis and Vlachogianni,
2008] [Bdlling et al., 2009] [Orasche et al., 2013] [Mukhopadhyay et al., 2012].

Past research has shown that torrefaction waduce PM emissions by
removing soot forming components [Mitchell et al., 2016] [Trubetskaya et al., 2019].
Formation of soot particles is a complex process and many routes exist based on
various combustion parameters and fuel chemical composition [aceveal., 2014]
[Lamberg et al., 2013]Different organic products from biomass pyrolysis have
differentinfluences a certain sooformation routegAtiku et al., 2016]. Using the
fingerprint method, comparisons between raw and torrefied fuels has ghatvn
torrefaction can completely remove or substantially reduce the concentratsmmseof
of theknown soot forming compounds [Atiku et al., 2017] [Akinrinola, 2014] [Ramos
Carmonal et al., 2017].

The aim of this chapter is to demonstrate the direct ivgments from
torrefaction by combusting a biomass fuel and its torrefied counterpart on a domestic
stove. Within literature many comparisons have been middeever this work
furthers that by comparing resultant emission profiles between the original and
torrefied forms. Some fingerprint characterisation analysis3EyMS) was also used

to help understand and interpret the measured emissions.

4.2 Materials and Experimental Methods

4.2.1 Sample Preparation

The sample fuels studied wedetailed in Chapter,%ection 3.2.1. All fuels
were supplied from external sources and were in briquetted and log form when
received. For proximate analysis, ultimate analysis anG@WMS, samples were
milled according to methods described in 3.3.2. Beeaf the form in which the fuels
were supplied, a small amount of each sample had to be milled in the Jaw Crusher
(briquetted fuels) or sawn (logs) before being milled. For Ultimate analysis and Py
GC-MS, the sample had to be cryomilled as well befoladysis. For stove combustion
tests the samples were tested as supplied as would be the case in a real domestic

situation
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4.2.2 Experimental Methods
Proximate analysis, ultimate analysis and@§MS were conducted as stated
in sections 3.4.1, 3.4.2 dn3.5.3 respectively. Stove combustion studies were

conducted in accordance with 3.5.5 with a few specific details:

1 Each batch consisted of 6079 kg of fuel This was subject to higher levels of
variation with the log fuels compared to the briquettezlsfibbecause of the
limits on their size and shape.

1 Each combustion run was ignited using 50g of Zip High Performance
kerosenesoaked firelighters with a single batch of fuel from room
temperature.

1 The data from the ignition batch was excluded becaueeahfluence of the
firelighters.

1 Gaseous emissions were analysed from measurements by the FTIR with the
exception of NOx which was by the Testo because of the interference around
the NOXx detection signal in the FTIR.

1 Gas emissions data was analysed gudile SDFGV method because this
considers compositional properties of the fuel over operation parameters.

1 PM emission factor analysis was solely by the use of the smoke metre and
direct sampling from the flue using Munkter 50mm miquartz filters.
Partcle size analysis was by the Dekati Impactors sampling 4500mm from the
top of the stove in the dilution tunAélig. 3.18.

1 Only when the batch mass was below 30% of the original mass was a new
batch loaded.

4.3 Results and Discussion

4.3.1 Proximate andUltimate Analysis

Results for the proximate and ultimate analysis as well as some inorganic
analysis (Cl, K and Ca) and the higher heating values (HHV) are shown in Table 4.1.
The effects of torrefaction are evident, Table 4.1, on the composition wingragag
the torrefied fuel and the untreated fuel. Past research has shown that torrefaction
decreases the moisture and volatile matter but concentrates the ash and fixed carbon

[Akinrinola, 2014. Moisture is removed during two phases of torrefaction, the
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majority is removed during drying at around 100the rest is removed as the material
dehydrates and volatiles are emitted from the particle. The resulting amount of
moisture is not dependent on the peak torrefaction temperature because moisture is
reabsrbed once the samples are removed from the heat in equilibrium with localised
vapour pressure [Bridgeman et al., 2010]. Torrefied fuels are hydrophobic because of
the decomposition of OH functional groups which can bond with water hence they

have much lowr moisture contents than the untreated fuels.

The trend for the volatile concentration is W& T.W>T.S>T.O this is the
exact inverse of the fixed carbon trend where T.O>T.S>T.W>S>W+0O. The degree of
torrefaction (extent of) can be defined usingwhek of Li et al. [2013] by the % loss
in volatile matter from the parent wood. In this work the degree of torrefaction is
highest for the torrefied olive (20.7%), followed by the torrefied willow (11.0%), and
the lowest is the torrefied spruce (7.8%). SThiend was anticipated because the
torrefaction conditions were most severe for the torrefied olive with the hottest peak

temperature and longest residence time (8200 minutes)see Table 3.1

Table 4.1: Proximate and ultimate analysis of the fuelstudied

Sample Spruce Torrefied Willow  Torrefied Olive Torrefied
(S) Spruce (W) Willow (@) Olive
(T.S) (T.W) (T.O)
Moisture 18 4.6 10 7.6 14.8 6.4
(wt.%) &
Volatiles 77 71 82 73 82 65
(wt.%) %
Ash 0.4 1.0 1.0 2.8 1.2 4.9
(wt.%) %
Fixed Carbon® 22.6 28 17 24 17 30
(wt.%) %
C (wt.%) %" 51 58 49 56 56 70
H (wt.%) % 6.1 6.1 6.3 5.2 5.2 3.7
N (wt.%) 9 0.27 0.49 0.56 0.64 0.50 0.56
S (wt.9%)%f 0.04 0.04 0.04 0.06 0.13 0.16
0?2 (wt.%) % 42 35 44 38 38 27
CI® (wt.%) % 0.04 0.01 0.06 <0.01 0.17 0.04
K® (ppm)® 840 1280 3295 3650 1600 1900
CaP (ppm)<® 980 8770 3050 6020 1000 4800
HHV ¢ 19.70 23.03 18.98 21.25 21.51 25.34
(MJ kg-l)db

*ar- gs received basig€? dry basis®* dry ash free basis calculated by differenc& measurement was
by an external accredited laboratory,calculated using equation in section 3.4.4 from [Friedl et al,
2005]
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Because of the nature of the fuels and the method of sampling the degree of
variability and errotis higher than those specified in the standard analytical method
(£0.2%). This is especially significant for the volatile matter and carbon measurements
of the torrefied olive fuel because it is blended with the-toorefied form and
speculate that the geee of torrefaction was namiform. The measured errofsl

standard deviatiorgre shown in Tablé.2.

Table 4.2: Error measurements calculated by1 standard deviation

Spruce Torrefied | Willow  Torrefied Olive Torrefied

Spruce Willow Olive
Moisture +0.8 +0.5 +0.7 +0.2 0.4 +0.7
(wt.%) &
Volatiles +8 5 +7 +3 +14 +22
(Wt.%) 9
Ash +0.2 +0.4 +0.5 +0.7 +1.2 04
(wt.%) 9°
C (wt.%) % +3 +2 +1 +1 +3 +8
H (wt.%) daf +0.1 +0.2 +0.5 +0.6 +1.2 +0.1
N (wt.%) daf +0.10 +0.12 +0.21 +0.14 +0.24 0.4
S (wt.%)d%f +0.03 +0.03 +0.03 n/a +0.10 +0.11

Comparing the volatile matter, fixed carbon and elemental carbon contents for
the fuels in this work with data from the Phyllis2 database and previous work, the
numbers are similar, Fig.1. For the spuce fuel used in this study the volatile matter
in both the raw and the torrefied was lower than the average from the Phyllis2
databasgtorrefaction conditions were the same, however the difference between the
raw and torrefied is comparable (volatile ttea~7 wt.% daf, fixed carbon~7 wt.%
daf and carbon~6 wt.% daf). The average for the willow from this work and the
Phyllis2 database is within 1 wt.%af For the torrefied willow the torrefaction
temperature was higher in the Phyllis2 database-89@1C) compared to the fuel
used in this work (25@60 C); the increased degree of torrefaction, explains the

difference seen in Fig. 4.1 when comparing the two fuels.

For the olive stonghe volatile matter content and fixed carbon is between the
value fran Sanchez and Miguel [2016] and Volpe et al. [2016], but is closer in value
to the latter. The latter is not just olive stone but a blend of olive stone, branches and
leaves which are the common solid residue products in the farming of olives. For the
torrefied olive the comparativeanalysisbetween this work, &chez and Miguel
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[2016] and Volpe et al. [2016¢§ more significantsince theuntreated fuel waased

to producehe torrefied products at the sapeak torrefactiotemperature. The degree

of torrefaction is greatest irdfBchez and Miguel [2016] (31.4%), torrefaction at 3D0

for 15 minutes, then this work (20.7%) and the lowest is from Volpe et al. [2016]
(16.6%), torrefaction at 30@ for 30 minutes. However, the torrefied olive stone
analyse in this work was a blend with the raw material meaning a pure torrefied
product would have a higher degree of torrefaction. Additionally, the residence time

and mixing can have an influence on the final product [Akinrinola, 2014].

Elemental chemical coposition changes due to torrefaction are shown in the
Van Krevelen diagrams in Figs. 4.2 and 4.3. The trend is that as the process severity
is increased the points shift towards the bottorHeftd cornerthis process is termed
coalification. In Fig 4.2data from Bridgeman et al. [2008] and Jones et al. [2012] for
willow, and Sanchez and Miguel [2016] for oljae shown for varying torrefaction
conditions. The data points from this work for the spruce, torrefied spruce, willow and
torrefied willow showstrong similarities with those from the other work. The olive
and torrefied olive show a similar trend in the direction the points move across the
graph however, they are at much lower ratios; they are more enriched in carbon.

Fig. 4.3 from Granados et al. [2017] analyses the composition sftagad
torrefaction at various temperatures for poplar wood. The olive and torrefied olive,
when plotted on Fig. 4.3, are more analogous with the trend from Granados et al.
[2017]. Fig. 43 still suggests that the raw olive material has been subjected to some
thermal pretreatment which has resulted in the carbon being concentrated. On Fig.
4.3 biochar produced in Jones et al. [2012] at 100@ a helium environment is
plotted along witlcharcoal studied in Mitchell et al. [2019]. Based on these additional
points it is evident that the torrefied olive has started to form char and is on a trajectory
to form either biochar or charcoal.
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(a) B Spruce [This Work]
F Torrefied Spruce [This Work]

® Spruce [Phyllis2 Database. 2020]
A Torrefied Spruce [Phyllis2 Database, 2020]
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Figure 4.1:(a) Volatile matter, (b) fixed carbon and(c) carbon concentrationson

a daf basis for thefuels studied compared to other measured value¥alues for
the Phyllis2 database are averages.
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B Spruce [This Work] ® Willow [This Work] X Olive [This Work]

A Bridgeman et al. [2008] X Jones et al. [2012] # Sanchez and Miguel [2016]
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Figure 4.2: Van Krevelen of fuels studied in this work compared to willow in
Bridgeman etal. [2008], willow in Jones et al. [2012] and olive stone in Sdnchez
and Miguel [2016]
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Figure 4.3: Van Krevelen from Granados et al. [2017A Olive [This Work] A
Torrefied Olive [This Work]gy Willow Char 10mm particle size [Jones et al., 2012]
g Willow Char 20mm particle size [Jones et al., 2012Charcoal [Mitchell et al.,
2019]
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Comparing the torrefied forms to the raw fydte nitrogen content is higher
in all of the thermally treated éls, Table 4.3. This is the same conclusion as
Akinrinola [2014] for torrefaction of different native Nigerian biomass torrefied at
temperatures between 2800 C for 1560 minutesWhen analysing the N to C ratio
thereis no discernible trend besides hretwork of Bridgeman et al. [2008]. The final
column of Table 4.3 shows the N content on an energy. lBesed on the fuels in this
work and the results from Bridgeman et al. [2008] once the torrefaction temperature
exceeds 25 the increase in energyrttent is greater than the nitrogen content. This
means on an energy basis the nitrogen content obtrefied olive is lower than in
the raw olive material.

Table 4.3: Comparison of nitrogen content between untreated and torrefied fuels
from this work , Bridgeman et al. [2008] and Sanchez and Miguel [2016]

\ Atomic HHV \
(Wt. %)%’ N/C (MJ kg 4)® (kg GJHP

This Work Spruce 0.27 0.0053 19.70 0.14

Torrefied Spruce 0.49 0.0072 23.03 0.21

Willow 0.56 0.0098 18.98 0.30

Torrefied Willow 0.64 0.0098 21.25 0.30

Olive 0.5 0.0077 21.51 0.23

Torrefied Olive 0.56 0.069 25.34 0.22

Bridgeman | Willow Raw 0.2 0.004 20.00 0.10

etal. 230°C 0.2 0.00B4 20.20 0.10
[2008]

250°C 0.2 0.0033 20.60 0.10

270°C 0.2 0.002 21.40 0.09

290°C 0.1 0.0016 21.90 0.05

Sanchez Olive Raw 0.4 0.0069 21.05 0.19

M?”Sel Stone 200°C 0.3 0.0061 20.99 0.14

[2816] 250°C 0.2 0.0082 21.99 0.09

275°C 0.4 0.0(69 24.64 0.16

300°C 0.3 0.041 25.79 0.12

Compositional changes in tl& H and N concentration will impact on the
HHYV calculated using Eq. 3.7 from Fried| et al. [2005], Table 4.1. The HHV rank in
the order of T.O>T.S>0>T.W>S>W (25.34, 23.03, 21.51, 21.25, 19.70, 18.2§ MJ
1 db respectively)The difference between the untreated and torrefied forms are 3.33,
2.27 and 3.83 MJ kbdbfor the spruce, willow and olive respectively. The difference
in the C contents between the raw and torrefied forms suggests that the difference in

the HHV of the ole fuels should be much larger than the spruce or willow (difference
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in C content of 14 wt.%daf compared 7 wt.%laf). This is explained by the loss of H
which is significantly lower in the torrefiealive. Past work [Bridgeman et al. 2008]
[Sanchez and Mgjuel, 2016] [Jones et al., 2012] [Akinrinola, 2014$ hat seen such
significant compositional differences upon torrefaction. This is analogous with the
conclusions from the Van Krevelen diagrams, Figs-3.that suggest the torrefied

olive has startetb form char.

4.3.2 Stove Combustion
The results for the stove combustion experiments are discussed in this section.

The results are split into sect®imased upon their objective measurement parameters.

4.3.2.1 Burning Rate and Temperature

Combusion of solid fuels is split into three key phases: ignition, flaming and
smouldering As previouslymentioned,this work is not concerned with ignition
because of the influence of firelighters on starting the combustion runs. Defining when
these phasescaur is complex and previous work by Faschinger et al. [2017] has
shown that multiple phases can exist and there is a significant amount of overlap
between phases. These phases are also subjective to operator influence. Therefore
order to minimise theskactors and keep an ordered comparison between the fuels,
flaming combustion is defined as when the burning ra€®i85 kg ht, smouldering
is a burning rate of <0.85 kg‘tbut (0.3 kg h, and combustion has ended when a

mass of 200g of fuel remaind ¢be order of 25% of the initial dry mass of each batch).

Figs. 4.4ac show the burning rate profiles for the spruce, willow and olive
pairings respectivelyEven though in Figs. 4.4ait appears that more fuel has been
burnt in some experiments, a&kperiments burnt 4 batches of fuel (1 ignition and 3
reload3. Not all the batches are shown in Figs. £4@owevera similar amount of
fuel (within £10%) has been burnt for all the experimeki¢gh the exception of the
willow comparison, the torrefietbrm has a longer burning time per batch than the
untreated form. The willow comparison differs because the torrefied willow are small
briquettes and they disintegrate rapidly when exposed to the flame (larger surface area
and greater porosity). The aveeagatch burning time is ranked in the order of T.S
(~55 mins) >S+T.0+38 mins) >0O+W {32 mins) >T.W {18 mins).
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Figure 4.4: Variation of burning rate with time (a) spruce and torrefied spruce

(b) willow and torrefied willow (c) olive and torrefied olive. Arrows indicate
reloading points- this is consistent throughout this thesisNot all fuel batches are

shown for all the fuels.
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For the spruce and olive comsans the raw profiles show a sharp peak
which has a greater magnituthan the torrefied fuel after the reload. The torrefied
fuel peaks are not as high in magnitude and are much broader. This is particularly
noticeable for the olive (average peak height 2.75kgrd peak width & 3 mins)
compared to the torrefied obaverage peak height 2.08 k§dnd peak width 1%

4 mins). For the willow the trend is reversed for the peak height, FA® kg ht) >

W (~2.1 kg hb), however for the peak width the two fuels are very simitaB(mins),

this result is unexpecteabause the volatile matter content is over 10 wt.% db lower
for the torrefied fuel. This result occurs because of the overlap in combustion phases

in the torrefied willow described by Faschinger et al. [2017].

The broader and lower peak burning rates @fer the fuel is loaded for the
torrefied fuelds particularly noticeable in Fig. 4.4c for the torrefied oliVéiscould
be from two factorsThe first could be the rate of devolatilisation is lower in the
torrefied fuels, this is because the fuet ladready been partially devolatilised in the
torrefaction process [Saddawi et al., 2011], or it could be because of the nature of the

volatiles released, this is explored more in section 4.3.3 da@¥S.

It should be noted that binders and briquettesdg (or porosity) can have a
large impact on the burning rate and in some casesuwtareigh the fuel effectdNo
binders were used in preparation of the fuels in this study however the density did
vary.Although this is discussed in more detail, relatedmissions in section 4.3.2.2,
it is evident from Figs. 4.4a and Table 3.1 that theore dense and harder briquettes
have longer burning times and lower burning rates.

Table 4.4: Average burning rates for each fuel, average temperature in each

combudion phase and the % of the initial batch mass when the combustion phase
changes

Average kurning rate, kg h'?, flue gas temperature in parenthesis

Flaming Smouldering Average per

Fuel Average % of initial mass Average % of initial mass load
Spruce 1.55 (225C) 38 (5) 0.67 (178C) 15 (£3) 1.27
T. Spruce | 1.19 (240C) 35 (£3) 0.65 (186C) 12 (+2) 0.94
Willow 1.86 (320C) 27 (£3) 0.72 (258C) 14 (£2) 141
T. Willow | 2.85 (398C) 21 (£3) 0.73 (328C) 12 (+2) 2.30
Olive 1.41(37C°C) 40 (£6) 0.51 (300C) 16 (x2) 1.24
T Olive 1.21(380C) 43 (£2) 0.62 (306C) 20 (z4) 1.02
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Table 4.4 shows the average flaming and smouldering burning rate and the
average flue gas temperature (measured 1.43m above the combustion zone) for each
fuel (excluding ignition). Past work [Faschinger et al., 2017] [Mitchell et al., 2016]
has shown that the volatile matter content is directly proportional to the burning rate
during flaming combustion, this is because of homogeneous reactions in the gaseous
phase above the fuel surface from devolatilisation. This trend is not clearly seen in this
work as shown in Fig. 4.5. Comparing the torrefied spruce and torrefied willese th
are both briquetted wood fuels wittw moisturecontents (minimal influence) [Price
Allison et al., 201914.6 and 7.6 respectively) asinilarvolatile contents (71 and 73
wt.% db respectively), however their average flaming burning rates are d.66 k
different. This difference is from the physical structure of the fuels (Table 3.1) mainly
the durability and the ease of disintegrataanthe fuel is heated and convertede T
torrefied spruce held its structure throughout the entire batch urgh freel was
| oaded on top of it when it wWhildt the br e ak
briquette held its shaghis reduced the surface area for combusaiod lowered the
surface area to volume ratidhis is the opposite the torrefied willowmertioned
previousy which disintegrated on heating, increasing the surface lagso explains
why the torrefied willow has the hottest flaming combustion flue gas temperature
(395 C).

3
= ® Torrefied Willow
225
e
©
;, 2 e Willow
< 15 e Spruce
% . Torrefied Olive ® Olive
2 A
o 1 Torrefied Spruce
=
S
= 0.5
[T

0

0 20 40 60 80 100

\olatile content (wt.% db)

Figure 4.5: Plot of fuel volatile content and average flamingurning rate

Increases in fixed carbon can result in an increase in the smouldering

combustion burning rate [Mitchell et al., 2016] which is observed in this work for the
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willow, torrefied willow, olive and torrefied olive pairings, Fig. 4.6. For theuspr

and torrefied sprucehe smouldering rasearesimilar, this can be attributed again to

the physical structure of the torrefied spraescribed earlier. The untreated willow

and olive fuels have the same fixed carbon contents (17 wt.% db) but harge a
difference in the smouldering combustion rate (0.72 and 0.51kgspectively).
Reasons for this are not clear especially considering the olive disintegrated faster and
smouldered at a hotter temperature than the willow, but are most likely due to
overlapping of combustion phases, reaction surface inhikigiedysts(ash) and
inefficient air mixing in the combustion zof@zgen et al., 2014]t should also be

added that as discussed in section 3.5.5 there is a 10% margin of error, when applied

to Fig. 4.6 (error bars) the changes seen are within the experimental error.
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Figure 4.6: Plot of fuel fixed carbon content and average smouldering burning
rate. Error bars are for a 10% experimental error.

4.3.2.2 Carbon Emissions

The majority of carbo-based emissions are as carbon dioxide2jCéarbon
monoxide (CO) and methane (@QHFigs. 4.7 show the emission profiles for GO
and CO on a dry basis at 13% oxygen concentration (industry standard) and normal
room temperature (2C) and pressure. lall of the profiles t=0 is when the fire
lighters were started and the stove door was closed, this first ignition batch differs
because of the influence of kerosene combustion in the firelighters. The ignition batch
is used to heat up the stove and cradiet fuel bed to reload new batches of fuel onto.
Reload batches are indicated by arrows on the profiles.
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When the fuel is reloaded, the stove door is opened in order to manually place
the fresh batch of fuel into the stove, during this process a suddeninélux of air
causes the CO emissions to spike. This peak is from the rapid oxidation of volatiles
emitted from devolatilisation of the fuel, however slow mixing and lack of energy

from heat or radiation sources prevents conversion to CO

The reaction from CO to C®is a much slower procegban the initial
oxidation stepand is the rate determining step in the reaction mechanism 10 CO
formation. Once the bed is flaming the CO concentration rapidly declines and the CO
concentration increasethe stove conditions are now more favourable for complete
combustion (hotter temperatures). The CO gradually increases as the flaming phase
progresses and more char combustion occurs (smouldering pHdwe).CO
concentration peaks again during smouldgricombustion because of the
heterogeneous reaction of oxygen with the char surface, at this point the stove
temperature has dropped (Table 4.4). The trend of higher e@@ssions during
flaming combustion and then decreasing during smouldering combustitha
associated increase of CO emissions is also seen in profiles of work by Bertrand et al.
[2017], Win and Persson [2014], Mitchell et al. [2016] and Ali Mami et al. [2020].

Table 4.5: Average emission factors over the whole combustion cycle for theefs
studied, margin of error is shown in the parenthesis for a 95% confidence interval

kg GJ? gm3at 13% O

Fuel COo; Co CH, COo; CO CHs
Spruce | 65 (x20) | 5.8 (x0.44)| 0.37 | 115 (£32)| 9.1 (¥1.2) | 0.56
T. Spruce | 90 (+5.2)| 3.2 (+0.1) | 0.18 | 145 (+10)| 6.0(+0.32) | 0.47
Willow | 67 (£16) | 4.2 (+0.24)| 0.18 | 110 (¥33)| 7.0 (+0.69)| 0.34
T. Willow | 78 (x16) | 4.2 (+0.53), 0.04 | 120 (+32) 6.9 (¥1.4) | 0.10
Olive | 73 (+10) | 4.0 (+x0.25)| 0.05 | 110 (+28)| 6.6 (+0.71)| 0.18
T.Olive | 74 (#5) | 4.2 (#0.44)| 0.05 | 98 (+17) | 6.0(x1.2) | 0.13

Table 4.5 shows the average emission factors over a whole combustion cycle
for the reload batches of each fuel. The most notable observation is that the emission
factors for CQ from the torrefied fuels are higher than the untreated fuets,gh
because of the higher fixed carbon/carbon contents in the torrefied fuels. The CO
emissions are similar for all the fuels with the exception of the untreated spruce fuel,
which is 1.6 kg G3 higher than the torrefied spruce, this is because of ititeeh
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moisture content of the spruce (18 wt.% ar.) which cools down the fuel bed and
combustion zone temperature because of the energy consumed drying the fuel and

removing the excess moisture.

Methane (CH) emissions for the spruce, willow and olive pajs are shown
in Figs. 4.8ec respectively. The emissions from the wood logs (spruce and willow)
and the torrefied spruce are significantly higher than the smaller briquetted fuels
(torrefied willow, olive and torrefied olive). This suggests that thesense influence
of the physical properties on these emiss
in higher CH emissions, however this result could also be from the fuel composition
discussed later. Emissions of £Hre typically from fuel richcombustion more
common with dense briquettesjthout the ability to react further to CO or €0
[Ndiema, Mpendazoe and Williams, 1997]. The profiles in Figs.-4 &a analogous
with this conclusionthe CH; emissions either peak towards the end of drelmstion
cycle when there is stildl unreacted fuel
temperatures were too low to support further reaction mechanisms (temperature
profiles in AppendixA, Fig. A.1-3), or the peak occurs just after reloading whtes
burning rate spikes, the fuel is rapidly devolatilising but the temperature is still too
low, the residence time is too short or thetaif u e | ratio isno6t favo

reaction.

Methane is produced from the decomposition gadification of volatile
species as shown in the reaction mechanisms in E4.3[Ndiema, Mpendazoe and
Williams, 1997] There is a partial equilibrium between the emissions of CO and CH
The ratio ofatomicC/H largely dictates these reactions andhgsdtig. 4.9 there is a
moderatepower order trend(x24®) between the C/H ratio and the CEmission
factors. In the spruce and willow pairings, torrefaction improves the C/H ratio and
there is a substantial effect on the £4thission factors (Fig. 4.9 the case of the
olive and torrefied olive there is a large increase iratbmicC/H ratio however there
is minimal change in the emissions of £H should be noted that all the fuels in Fig.
4.9 have a similar moisture conteng this would also gatly influence the result
[PriceAllison et al. [2019].
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4.3.2.3 Nitrogen Emissions (NOx)

NOx emissions instove combustion systems are primarily from {iel
sources, this is because the temperature at which thermal NOx f&0sELis much
higher than the average temperature in the stove, this is also a conclusion seen in past
research [Mitchell et al., 201 fAtiku et al., 2017]. Even in research of much larger
fixed bed systems temperature profiles show that the fuel bed temperature rarely
exceeds 100@ [Rokni et al., 2017] [Ali Mami et al., 2020].

NOx profiles over the combustion cycle are shown in Hgs0ac for the
spruce, willow and olive pairings respectively. In all of the untreated fuel cases the
magnitude of the NOx peak is greater than the torrefied fuel, there is also more of a
delay between the batch reload point and the peak occurrente fontreated fuel.

This suggests that the nitrogen release in the untreated biomass occurs very rapidly,
the rate of devolatilisation is higher, which is analogous with earlier discussions
relating to the burning rate. The larger time lag between relchgeak emissions is

because of the higher moisture content in the untreated fuel, this was also observed by

134



Rokni et al. [2017] for a comparison of untreated and torrefied corn straw. The NOx
peaks in the torrefied fuel cases are much broader, which edmparing to Figs.

4.4ac shows that nitrogen release persists into char combustion (smouldering phase)
This was a conclusion also seen in Mitchell et al. [2016] where NOx emissions

continued into the smouldering phase and stabilised to a consisteribamass.
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Table 4.6 shows the emissions factors for NOx on botlkgi'@nd a g G3
basisaswell as the fueN content.On a mass basis (g K the results show that
emissions of NOx are highly variable and there is no definitive correlation between
the fuel nitrogen content and the emission factor. Converting this to an energy basis,
Fig. 4.11, a improvement in emissianis achieved through torrefaction. Fig. 4.11
includes data from other work [Mitchell et al., 2016] and the values from the untreated
fuels (spruce, willow and olive stone) all fit tipseviousdata trend. Arrows indicate
the reduction of the NOx emiss®iby the torrefied fuels. A part of this reduction is
from the increase in energyompensating for the increase in the filetoncentration.
However, past work [Trubetskaya et al., 2019] has shown in the case of torrefied olive,
the torrefied fuel contas charlike particlesin which the fuel-N is more tightly
bonded inthe char matrix. Combustion of char particles encourages a reducing
environment and thereforeorefuel-N will be released asNnhstead of NO [Williams
et al., 2012]. Analysis of the both ash/char mix, Table 4.6, (material remaining after
80% mass burnout) shows that similar amounts of nitrogen remairsugbports the
speculation thamore nitrogen irtorrefied fuels is being evolved as Which is the
same conclusion shared by Trulketg et al. [2019].

Table 4.6: Average NOx emissions over the whole combustion cycle to 80%
burnout, margin of error at a 95% confidence interval are shown in the

parenthesis, fuel nitrogen and standard deviation from Tables 4.1 and 4.2 are
included

RENIE
Char-N

NOx Emission Factors Fuel-N content

g GJ! wt.% daf
Spruce 1.07 65 (+12) 0.27+0.10 18
T. Spruce 1.04 45 (+5.1) 0.49+0.12 17
Willow 2.56 135 (£8.5) 0.56+0.21 7
T. Willow 1.91 90 (+20) 0.64+0.14 8
Olive 1.61 75(x24) 0.50+0.26 10
T. Olive 1.52 60 (x17) 0.56+0.04 10
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To explore this furtherchars were preparedrom each fuel using TGA
(nitrogen environmentat a heating rate of 2G min! to 850C and held for 60
minuteg andthese chararereused to calculate the nitrogen partitioning by elemental
analysis and mass balance, Table 4.7. In all of the cases, over 70% of the nitrogen is
released in the volatile phase. There is a significant increase in the retentiorMf fuel
in the char matrix dr the torrefied fuels. Previous work has shown that shorter
residence times and lower torrefaction temperatures create more nitrogen enriched
chars whereas hotter temperatures result in nitrogen being released faster than the
volatiles are released [Glanty, Jensen and Johnsson, 2003] [Werther et al., 2000].
The torrefied spruce had the mildest torrefaction conditions and also has the greatest
retention of nitrogen in the chgR6%) The olive stone had the most severe
torrefaction conditionandretained21% of the nitrogen in the chahis suggests the
trend in this work is analogous with Glarborg, Jensen and Johnsson [2003] and
Werther et al. [2000However the willow only retained 14%which breaks the trend
Riaza et al. [2019] reported increasetengion of nitrogen in char for olive waste
material compared to wood which éensistentwith the results seen in this work.

Using the results from Tables 4.6 and 4.7, it can be concluded that torrefied fuels will

137



retain more nitrogen in the char matemd have lower NOx emissions grahd so

nitrogen emissions from biomass must occur morecas N

Table 4.7: Nitrogen partitioning in fuels studied

Fuel-N Char-N Char Yield Fuel-N in Fuel-N in

Content Content (%) Volatiles Char (%)
wt.% daf wt.% daf %

Spruce 0.27 (x0.10) | 0.31 (x0.11)
Torrefied Spruce | 0.49 (£0.12) | 0.37 (£0.06) 31.9 74 26
Willow 0.56 (£0.21) | 0.27 (x0.08) 13.2 94 6
Torrefied Willow 0.64 (£0.14) | 0.32 (x0.04) 28.4 86 14
Olive 0.50 (£0.26) | 0.29(x0.07) 15.2 91 9
Torrefied Olive 0.56 (£0.04) | 0.33 (x0.11) 36.2 79 21

4.3.2.4 SQEmissions

Emissions of S@are complex because they are not only dependent on the
amount of S in the fuel but also the form in which $hispresentand also the nature
of minerals/saltsSQ emissions for the torrefied fuels are significantly lower than the
emissions from the urdated fuels, Table 4.8. Calcium (Ca) in fuels has been
thoroughly researched and shown to greeghjucethe emissions of SONiu, Han
and Lu [2010] showed that usingCa/Satomicratio of between 1 and 2 can have
significant benefits at temperaturesl®001200K in fixed bed fluidised combustion
of coal. This temperature region is higher than observed in domestis atmlis most
likely encouragg the release of inorganic sulphur from char destruction and
decomposition of stable calcium salts (C&8SQ) [Williams et al., 2012] [Yan et
al., 2015]. However, Zhang et al. [2020] has shown that in the iGagSratio range
of 1-3 in the temperature region of 2@00 C the percentage of S released is
significantly reduced for combustion of higalphur ontaining oil sludgeFor the
data in this workthe Ca/Smasgratio range is much greater, with the torrefied spruce
having the higheshassratio (~22) and the untreated olive having the loweétL§).
All of the torrefied forms have improved Caftasgatios and the emission factors are
lower, Fig. 4.12. The relationship between Ca/S and &flssion factors gives a
power trend X°2°). The trend shows that over a Ca/S range of2(B5the
improvement in emissions is substantial and more significantithprovement made
above this ratioThis result was also observed by Zhang et al. [2020]. However, the
more interesting result is the comparison between the Ca/S ratio and the % of S emitted
as SQ, Fig. 4.13.
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Table 4.8: Emission factors of S@for the fuels study

e a O 0
% da ppm dp 0 KQ

Spruce (S) 0.04 980 0.36
Torrefied Spruce (T.S) 0.04 8770 0.32
Willow (W) 0.04 3050 0.39
Torrefied Willow (T.W) 0.06 6020 0.36
Olive (O) 0.13 1000 0.95
Torrefied Olive (T.O) 0.16 4800 0.58

Fig 4.13

of their S conte

shows that the spruce and willow fuels emit a much larger proportion

nts (45 and 48% respectively) compared to the olive fuel (36.5%) even

though the S contents of the olive is 4 times greater. This could be to dbewithture

of the fuels, high amounts of sulphur in the bark of woods are burnt in early

combustion stages as they are exposed [Phillips et al.,.Z0t8hatively, it could be

that the S withi

n the woods is present more as organic S which decomposes at lower

temperatures [Knudsen et al., 2004]. The % S emitted from the spruce is much lower

than reported in previous work by Van Lith et al. [2008] at a similar terysenange,

this is most likely due to the nature of combustion in the stove and the fuel being as a

log instead of a powder.
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Figure 4.13: Percentage of sulphur emitted from the fuel as S@s a function of
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4.3.2.5 Particulate Matter (PM) Emissions

PM emissions pose many threats to both the environment and human health.
Mechanisms for particulate (soot) formation are complex and have been extensively
researched to be a functiohmany variablessee section 3.2.6. Table 4.9 shows the
emission factors for the fuels studied; the submicron percentage of sampled PM is also

shown.

Sampling and determination of PM emission factors is a difficult process and
is made more complexybthe nature of stove combustion. The majority of PM
emissions are during flaming combustion [Mitchell et al., 2016] [Atiku et al., 2016],
however as discussed earlier in section 4.3.2.1, definition of the different combustion
phases is not simple and ashg the start and end poirftas some subjectivity
Additional differences between smouldering and flaming combustion, mainly
combustion temperature and radiative energy, also makes sampling PM d#ficllt
in the case of this work thehangean the wa fuels burn once they are torrefied means
that there is no one model fits all approach. The final consideration is the stove
operator impacts which can in most cases be the most influential factor [Pettersson et
al., 2011], placing the fuel in too laterceause a prélaming smoulder which can be

described as the release of volatiles into a cold combustion zone, this can cause large
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amounts of PM to form and this continues until the gaseous mixture reaches a point
where it can seltombust. Measurementligbility has been tactically reduced by
using the same operator and sticking to key procedure points, such as reloading the
fuel when 25% of the initial batch mass remains. Using Table 4.9, comparing the
results from the smoke metre and the Dekati impadampling from the dilution
tunnel), the numbers are within 15% of each other for each fuel and the trend is
consistent torrefied fuels produce less PM than untreated fuels. The estimated
experimental error within this data set+20% to account formeall perturbations
between experimental runshich cannot be preventgglich as fuel movement within

the stove.

Table 4.9: PM emission factors, C/H ratio and Percentage of emission as sub
micron particles

VM Atomic EF, PM: (g kg?) PM1 (%)
(Wt.% db) C/H
Impactors
Spruce 77 0.70 4.2 3.9 97.6
T. Spruce 71 0.79 2.2 1.9 98.6
Willow 82 0.65 6.4 6.1 96.5
T. Willow 73 0.9 4.9 4.4 96.6
Olive 82 0.90 6.7 5.8 99.0
T. Olive 65 1.58 4.6 4.2 98.3

The results show that torrefaction reduces: Ftdtal particulate matter)
emissions from combustion in a domestic stdvuas is because of the reduced VM
content of the torrefied fuelMitchell et al. [2016] shows that there is a trend between
the redudbn in volatile matter and the RMmission factor which was also seen for
the data in this work, Fig. 4.15. This is closely linked to the aforementioned increases
in aromaticity and removal of low CV volatile compounds. Additionally, from Fig.
4.14 the vdues for the torrefied spruce and the torrefied briquettes (which are spruce)

arevery similar toeach other.
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Someresearch has also shown that PM emissions are increased by torrefaction
[Khalil et al., 2013] [Shao et al., 2013]. This is mainly becaitbeconcentration of
K and Sin the torrefied form, resulting iK2SQs being released into the gas phase.
There are key reasons this is not observed during combustion of torrefied fuels in a
domestic stove: (1) reduced Cl content from torrefaction tesulreduced formation
of KCI; (2) increased S is accompanied by a large increase, wtizh as discussed
in section 4.3.2.4reacts with S and prevents emission to the gaseous phase; (3) the
stove combustion temperature is too lowdmmnificantevapaation or sublimation of
K and the majority is retained in the char [Li et al., 2019] [Johansen et al., 2011].
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Figure 4.14: Correlation between PM and volatile matter, data from Mitchell et
al. [2016] included
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4.3.3 PyrolysisGas Chromatography-Mass Spectrometry (PyGC-

MS)

Py-GC-MS was used to investigate and compare the organic species released
during volatile release. Figs. &-8.17 show the chromatograms for the fuel pairings
spruce willow and olive respectively. Using thel8IT database and previous work
[Simoneit, 2002] [Nowakowski and Jones, 2008] [Fahmi et al., 2007] peaks were
identified that were common in both the untreated and torrefied forms. Initial
observation of the chromatograms, in the spruce and olive, cais®ss there is a
visible reduction in the magnitude of the main peakson torrefactiorthis is not
observed in the case of the willow. In the case of the untreated olive, late eluding fatty
acids create multiple peaks in the latter time period. These peaksresolved and
not includedlt should also beoted that because of the very high heating rate and the

inert nature of the carrier gas secondary reactions do not occur.

The selected GC column and operating conditions are optimal for detection of
compounds from lignin sources. Based on the area of the identified peak components,
lignin products make up 560% of the peak area. Volatile components have been
well-researched and shown to be closely linked to soot formididas [Atiku et al.,

2017]. The two most notable are the HACA (hydrogen abstraction, carbon addition)
method and the CPD (cyclopentadiene), these are both described in more detail in
Chapter 2. Table 4.10 describes identified components and defines these into

categories based on thewurce, carbohydrates, lignin or fatty acids.

Figs. 4.B-4.20 compare the percentage of identified components from
carbohydrate, lignin and propylphenol sources. Looking at Fi§, ¥dlatilisation of
carbohydrate sources increases in the torrefied svooohpared to the untreated. This
is an unexpected result since during torrefaction almost all of the hemicellulose is
degraded and up to 75% of the cellulose (dependent on severity of torrefaction), these
are both the main carbohydraseurces [Li et al.2015] [Saddawi et al., 2012]
[Ndiema, Mpendazoe and Williams, 2012]. Further analysis of the individual
carbohydrate components from Table 4.10 show that the key component responsible
for the increase is levoglucosan (supplementary data Fig. B.4). Lewosgluis a key
tracer compound used in detection of biomass burning in atmospheric chemistry and
is the subject of much research. It is formed from the pyrolysis of starch and cellulose

and is often difficult to detect in gases directly from a stove becatithe hotter
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temperatures. No levoglucosan is detected in either of the untreated wood samples
however up to 11% peak area is detected in the torrefied samples. Previous work
[Hosoya, Kawamoto and Saka, 2009] [Meng et al., 2012] [Boateng and Mulle&2j, 201
have shown that thermally treated biomass can result in the increased production of
anhydrous sugars. This is because of the increase of celligogeinteraction as
opposed to hemicelluloseellulose interactions. In the case of the olive there is a
substantial decrease in the products from carbohydrate sources, this result is from the
reduction of detected levoglucosan. This is in contrary to the previous work mentioned
above however is most likely because of the extreme severity of the torrefaction

conditionsfor this fuelwhich has been extensively described throughout this chapter.

Torrefaction increases the proportion of lignin that makes up a biomass
[Horvat et al., 2016]This combined with the reduced moisture inherently encourages
a small increase improduction of tar as shown in Fig.19. Looking at individual
species this increase is mainly from increases in phenols especially mptienal,
methytphenol and cresdFig. A.4), the latter more than doubles in all three cases.
Propylphenols (eugenol, methoxyeugenol and homovanillyl alcoholAHg.are of
the most interest as these compounds have an increased ability to form soot since they
can be used in both the KA and CPD mechanisms. Looking at Fig.4tBe
reductionin the eluting of these compounds is significant, in the case of the torrefied
olive they are almost completely eliminated. The propylphenols make up
approximately a quarter of the lignin volatileoducts in the untreated fuets2@, 27
and 25% for spruce, willow and olive respectively) which is a substantial difference
to the torrefied forms which make up, 13 and 2% (T.S, T.W and T.O respectively).
Combining this information with the reduction n cellulosederived volatile
components [Berrueco et al., 2014] goes someway to explaining the reduction in PM

discussed in the previous section (4.3.2.5).
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Figure 4.15: Py-GC-MS Chromatograms of (a) Spruce (b) Torrefied Spruce.
Peak identification (most likely): 1. Guaiacol 2. Cresol 3. Methoxyacetophenones
4. Methoxypropenyl phenols 5. Eugenol 6. Acetovanillone 7. Homovanillic acid
or Levoglucosan 8. Squalene. Peaks up fmeak no.1 (not including) are from
cellulose sources, from peak no.1 up to no.8 are from Lignin, the remaining are
from extractives.
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Figure 4.16: Py-GC-MS Chromatograms of (a) Willow (b) Torrefied Willow.
Peak identification (most likely): 1. Guaiacol 2. Cresol 3. Methoxyacetophenones
4. Dimethoxyphenols 5. Eugenol 6. Dimethoxyacetophenones 7.
Propenyldimethoxyphenols 8. Squalene. Peaks up to peak no.1 (not including)
are from cellulose sources, from peak no.1 up to no.8 erfrom Lignin, the
remaining are from extractives.
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Figure 4.17: Py-GC-MS Chromatograms of (a) Olive (b) Torrefied Olive. Peak
identification (most likely): 1. Guaiacol 2. Cresol 3. Methoxyacetophenones 4.
Dimethoxyphenols/Syringol
Propenyldimethoxyphenols (7) 7b. Levoglucosan 8 gBalene. Peaks up to peak
no.1l (not including) are from cellulose sources, from peak no.1l up to no.8 are
from Lignin, the remaining are from extractives.

Eugenol 6. Dimethoxyacetophenones 7a.
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Table 4.10: Classification of identifiable components into carbohydrate sources,
lignin source andextractives

Source Type Evolved compound Boiling Point
2-Propenoic acid
Acetic acid

Cyclohexanone

Acids 2-hydroxy-3-methyl2-cyclopentenl-one

Carbohydrates Ketones 110-390°C

Sugars 3-ethyl2-hydroxy-2-cyclopentenl-one

2,5-dimethylfuran
2(5H)-furanone

Levoglucosan

Toluene
Phenol
2-methoxyphenol
2-methylphenol
2-methoxy4-methylphenol (Creosol) 110-260°C
2,6-dimethylphenol
4-hydroxy-3-methylacetophenone
Toluene 2,6 dimethoxyphenol (Syringol)
Lignin Phenols Eugenol
Methoxybenzenes 1,2,4trimethoxybenzene
Vanillin

1,2,3trimethoxy-5-methylbenzene
Acetoguaiacon
3,5-dimethoxyacetophenone
Homovanillylalcohol
2,6-dimethoxy4(2-propenyl}phenol
4-hydroxy-3,5-dimethoxybenzaldehyde

160-320°C

Hexadecanoic acid methyl ester
n-hexadecanoic acid 270420°C
Squalene

Fatty Acids

Oils Fats
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Figure 4.20: Comparison of propylphenol decomposition products for fuels
studied

4.4 Conclusions

In this work, two wood fuels (spruce and willow) anbad-processingvaste
(olive stone) were compared to their torrefied counterparts. In the case of the woods,
the untreated and torrefied form came from a different source, however for the waste

the torrefied form was from the same source and a blend of 1:1 untreated-efiedt

Initial composition analysis showed that the torrefied fuels were higher in fixed
carbon, carbon, nitrogen, ash, potassium and calcium, but lower in moisture, volatiles,
oxygen and chlorine. These trends are common and have been seenfipeeiobos
research including that of Mitchell et al. [2016] and Trubetskaya et al. [2019]. The
torrefied olive fuel had the highest carbon content (70 wt.% daf.) and lowest
concentration of volatiles (65 wt.% db.), when comparing these to the otheaffidels
fuels from other work it is evident that
resembles more of a biochar then a torrefied fuel. This also resulted in large amounts

of variation in the analysis (carba8%, volatilest22%).

Combustion othe fuels on a domestic stowasused to compare combustion
performance (burning rate and flue gas temperature) and emissions. The torrefied fuels
burnt slower than the untreated fuels, this is because of the lower volatile content. In

the case of the teefied spruce the burning rate was considerably lower (0.94'kg h
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and this was a result of the dense briquetting which prevented effective break down of
the fuel, reduced air flow and heat transfer through theblee@The torrefied willow

on the othehand exhibited the opposite results, the burning rate was the highest (2.30
kg i) and this also resulted in the hottest average flue gas temperatures (flaming
395 C and smouldering 32&). The torrefied willow briquettes were very loosely

bound and disitegrated rapidly.

For all of the torrefied fuels the emission of £@as larger than in the
untreated fuel. The hotter combustion temperatures measured in the torrefied fuels
increases theateof oxidation of CO to form C® The CO emission factors are similar
for the untreated and torrefied fuels except in the case gptinee (untreated 5.8 kg
GJ! torrefied 3.2 kg GJ). The emission factor for the spruce is the highest and can
be attributed to the higher moisture content, 18 wt. %, the highest of all the fuels used.
Methane emissions result from the thermal decomipasaind gasification of volatiles
and tars released during devolatilisation (pyrolysis) of the fuel. Emission factors of
CHa have a power law trend £€%3 with the C/H ratio of the fuel. In the spruce and
willow cases the increase in C/H ratio redudes €H, emission factor, however
because of the reduced sensitivity when the C/H ratio exceeds 10 the trend is less

visible for the olive comparison.

Emissions of NOx continues to be of increasing importance because of the
health and environmental impadi®m these compounds. The majority of NOx
emissions is in the form of NO, this is common to domestic stoves because of the
reduced combustion temperatures and residence times. This also means the NOx can
be assumedo beonly from fuel-N sources and theend from Fig. 4.11 is linear
between the two parameters. Even though the nitrogen content increases when a fuel
is torrefied, this is offset by the energy increase. Additionally, torrefactieults in
more strongly bonded fudl within the fuel matrixThis nitrogen enrichment into the
char is increased by milder torrefaction conditibug is also dependent on the fuel
type During combustion of the char, there is more of a reducing environment which
converts the fueN into Nz instead of HCN/NO.

Undestanding emissions of sulphur are difficult since they are not only
dependent on the amount of S in the fuel but also the nature of the sulphara3he
ratio of Ca/S compared with the emission factors of 583 a power relation ¢¢%9.
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Themasgatiois highest in the torrefied spruce (22) and lowest in the olive (0.8), these
are also the lowest (0.32 gKgand highest (0.95 g Ky emission factors of SO

Particulate matter emissions are lower for the torrefied fuels. There are a few
reasons fotthis. Initial observation shows that the reduced volatile content of the
torrefied fuels reduces the emission factors, previous work has shown that moisture is
also responsible for this reduction however this was to a lesser extent in this work.
During tarefaction almost complete decomposition of hemicellulose and the majority
of cellulose limits soot formation kgitherthe HACA or CPD routesTorrefied fuels
also have reduced propylphenol emissions (measured in1BEMYS analysis)amd
these volatilecomponentgontribute to soot formation by both the HACA and CPD
routes. A combination of thesictorscan be attributed to the reduction seen by the

torrefied fuels.

Based orthe data in this work, the overall performance of torrefied fuels is
superia to that of the untreated counterparts. Emissions from torrefied fuels are higher
in CO but lower in CH, NOx, SQ and PM. Because of the higher price at which
domestic fuels are purchased at; the effort should be being made to pretreat these fuels
by torrefaction. Future work should explore the effects of torrefaction on HCI
emissions in stoves and also the optimisationoofefaction to produce the best

performing fuel.
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Chapter 5. Combustion of Waste Coffee Grounds in a

Domestic Stove

5.1 Introduction

Combustion of wastacludingenergy from waste (EfW)s agrowing field
of interest both from a search and industry point of view. Drivers for the increased
use of waste for power and heat generation include efficient resource use, zero waste
to landfill and net carbon zero emissions. Lookingigt 5.1 froma report for the UK
government [Tolvik Casulting, 2019], the number of EfW facilities continues to
grow and this is increasing the throughput of waste. In 2018 this was up by 5.6% to
11.5 Mt of waste processed [Tolvik Consulting, 2019]. The biggest challenges for
using waste in combustion fatiéis is the lack of homogeneity. Even compared to
biomass, which has a greater variability than coal, waste can often be very low in
calorific value because of naombustible components being fired into the
combustion vessel. Removal of some waste comstis, such as metals, ceramics and
composites are difficult because they are often blended or pose separation problems.

Number of EfWs

2014 2015 2016 2017 2018

u Fully Operational Commissioning

Figure 5.1: Number of EfW facilities in the UK [Tolvik Consulting, 2019].

Waste coffee grounds can be considered a urtygueof fuel. This is because
they are both a waste and a pretreated biomass (torrefied). Estimation from a UK
company suggests that around half a million tonnes of coffee waste is produced
annually in the UK [The British Coffee Association, 2019]. A report frora th
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International Coffee Organization (ICO) predicts that coffee markets in Europe and
North America will increase by 1 and 2.5% respectively [2018]. Use of coffee grounds
as a food product and then the waste as an energy source provides a solution to the
fuel vs food debate, improves the prospects of eebanomy and increases revenue

in poorer countries.

The potential to use waste coffee grounds is an ongoing subject of research.
Because the supply is too inconsistent, use in large scale power genisratiess
favourable option unless in energy from waste plants. Biodiesel production from waste
coffee grounds is an area of increasing interest however low free fatty acid content
means that the yield of biodiesel is relatively lovl@.8% on a g of biadsel/ g of
waste coffee grounds) this process also requires the use of a high purity NaOH catalyst
reducing the financial feasibility of the process [Kim and Yeom, 2020].

Production of bieoil through pyrolysis is also an area of interest. In the work
of Ktori, Kamaterou and Zabaniotou [2018] pyrolysis at &lénanufactured a yield
of 36 wt.% of bieoil, 9 wt.% gaseous products (wet gas) and 29 wt.% biochar, these
were seen to be the optimal conditions for-tiloyield. Other processes such as
fermentaton for bioethanol production and extractive processes feoibiare also
ongoing subjects of research interest. However direct combustion is still of interest

because athe more favourable energy yields to alternative processes.

In this study commerai coffee briquettes have been studied for their
composition and combustion properties in a domestic stove. Analysis of the
combustion performance (burning rate and temperature) and the emissions have been
compared to standard kiln dried willow logs. Soadelitional analysis has been used

to further understand the combustion and emission properties.

5.2 Materials and Experimental Methods

5.2.1 Sample Preparation

Samples were prepared according to the methods described in Chapter 3. The
commercial cofée briquettes were supplied in their briquetted form along with a small
amount of norbriquettedoosegroundspentcoffee. Willow logs were supplied with
bark in ¥z split logs. The willow logs had to be cut and milled for elemental analysis.
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The Mexican Rbusta Beans (MRB) were ground using a conventional coffee grinder
and the samples were then milkgapropriatelyfor analysis. For the Brewed Mexican
Robusta Beans (BMRB) the ground coffee was used to make solely double shot

espressos and the waste groundse collected dried and then milled accordingly.

5.2.2 Experimental Methods

Elemental analysis was carried out as described in Chappeoxdmate and
ultimate analysis. Metals analysis was conducted by SOCOTEC using the method
described in sectioB.3.4.2.For the ground coffee material, a particle size distribution
analysis waperformedby manually sieving the material through a series of discrete
sized sieves (>1mm, 78000, 506750mm, 253500mm and <256m). Using the

mass collected the percegéaparticle size was calculated.

Combustion analysis was conducted on the domestic stove using the method

specified in section 3.5.5. Some alterations to the method were made and these were:

1 Three batches of fuel were combusted, one ignition batch and two reload
batches. The ignition batch data is displayed but was not used in the calculation
of emission factors.

1 Each batch of fuel was approximately 1.5kg in mad90g). This was more
repeatble with the briquettes compared to the logs singedfreea regular size
and shape.

1 The ignition batch was started using 110g of firelighteEg). The effect of
these on the bottom ash analysis was assumed negligible since it contributed
less than 1% to the overall mass of ash after the complete experiment.

1 Each run was continued until 0.3kg of batch mass remaining. At this point all
the flame had been extinguished, the fuel was no longer glowing and the
burning rate was consistently zero.

The ash was collected and sent to SOCOTEC for composition analysis.

1 Particulate measurements were conducted using only the Dekati Impactors,

emission faatrs were calculated using this data and the filter papers were sent

to Sunset Labs for EC/OC analysis.
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5.3 Results and Discussion

5.3.1 Proximate and Ultimate Analysis

The proximate analysis (moisture, volatile matter, ash and fixed carbon) for
thecoffee grounds, willow logs, MRB and BMRB are shown in Table 5.1. Additional
data from Kang et al. [2017] and Soysa et al. [2015] are also shown in Table 5.1 for
comparison.

Table 5.1: Proximate analysis of fuels studied and fuels from Kang et al. [2017]
and Soyosa et al. [2015]

Moisture  Volatiles Fixed Carbon? Ash

(Wt.%) > (wt.%) (wt.%) d° (wt.%) d°

This Work Commercial Coffee Logs

Willow Wood Logs 5.0 82 16.3 1.68
Mexican Robusta Beas (MRB) 2.3 78 167 5.32
Brewed Mexican Robusta 9.7 78 17.6 3.99

Bears (BMRB)
Kang et al. Wood Pellet 7.4 81 186 0.59
[2017] Coffee Bean (before brewing) 21 78 17.6 3.96
Dried Spent Coffee Ground 11.7 79 184 2.33
Soysa et al. Douglas Fir 3.7 81 17.2 2.08
[2015] SpentCoffee Ground (two 0.9 79 162 4.84

staged drying)

aCalculated by difference

The results from this work show good consistency with the results from Kang
et al. [2017] and Soysa et al. [2015]. The main differendmeiweenthe moisture
content. The main reason for this is the various methods used for drying; in this work
the fuelswere dried in an oven at 40, in Kang et al. [2017] the fuels were dried in
direct sunlight and air, and in Soysa et al. [2015] ast@ged drying process was used
at 105C and then 8CC. Additionally when the coffee is grounithe particle size is
much smaller than the size generated in the cutting mill, discussed in more detail in
section 5.3.3. The ground coffee is a coarse powder, this means retats/alyhigh
specific surface area and has a fairly porous structurenwd¢an absorb and retain

more moisture.

The ash content shows a significant degree of variability between the fuels.
Coffee beans are formed from a mild torrefaction process of coffegies their

identity is therefore complex as they are neither abdweous or fruit biomass, but a
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mixture of both. Vassilev et al. [2010] she#ithat herbaceous biomass can have a
mean ash content of between-8.8 wt.%db compared to 3.5 wt.%db for common
woods. This explains the observed lower ash content for thgl&®ofir, willow and

wood pellets. The highest ash content was measured in the MRB, 5.38lwirfést

likely because during torrefaction the ash material is concentrated. The ash content is
then reduced when the coffee is brewed as seen for the BMRByB%®db. This is

a decrease of 1.32 wt.%, a slightly smaller decrease than seen in Kang et al. [2017] of
1.63 wt.% between the original and brewgedundcoffee.Brewing washes the ground

coffee which leaches inorganic elemeWéang et al., 2016].

There is a small difference in the volatile matter between the fuels. Typically,
the volatile matter is much lower for torrefied fuels, however the torrefaction process
for producing coffee is often at much lower temperatures (betwee@3DQ) than
used in onventional biomass torrefaction for energy purposes. The volatile matter is
highest in the wootbgs although there is only 1 wt.%b between thevood fuels.
Based on the results collectively from Table 5.1 the spent caffdeheraw coffee
have nearlydentical VM and FC contents

The ultimate and chlorine analysis is shown in Table 5.2. From Table 5.2 it is
clear that the coffee prior to brewing, MRB, has the highest HHV (22.29 MJakgl
this is because of the high concentrations of carbdrhgdrogen (57.0 wt.%afand
7.4 wt.% daf respectively) Thereis a result of torrefactiojAkinrinola, 2014]
[Trubetskaya et al., 2019The coffee bean fuel from Kang et al. [2017] has the second
highest carbon content (55.0 wtdaf) however the HHVS equal to the spent coffee
bean fuel from the same reference (21.97 MY) Kguring the brewing process carbon
is extracted in the form of light oils. This result was observed for the MRB and the
BMRB and for the spent and unused coffee in Kang et@L7RThe carbon content
for the spent coffee from this work, Kang et al. [2017] and Soysa et al. [2015] are
within 1 wt.% daf, showing a significant level of consistency and homogeneity
between spent coffee collected from different sources. All of tHeebésed fuels
have a significantly higher HH\Between the lowest HHV for a coffdmsed fuel,
spent coffee grounds from Soysa et al. [2015], and the highest HHV for abased
fuel, wood pellets from Kang et al. [2017], this is a difference of 1.5%kd#J20.92
and 19.35 MJ kd respectively). The carbon and hydrogen content of the sbasdd
fuels are substantially lower than the coffee fuels which explains the lower HHV.
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The nitrogen content of the cofféased fuels(1.482.40 wt.% daf)is
consicerably higher than the wood fuels. TNecontent of wood is typically low
including when using barked wood, average of 0.4 vda¥{Vassilev et al.2010].

This is significantly lower than in herbaceous biomass, 1.2 vda¥§Vassilev et al.

2010]. TheN content reduces by approximately 0.2 wd# when brewed in both

this work (MRB and BMRB) and the work of Kang et al. [2017]. In the work of Abelha

et al. [2019] and Carillo, Staggenborg and Pineda [2014] there are some fuels
(miscanthus, rad side grass and sorghum) which decrease slightlycontent when
torrefied and washed. This reduction must be from the leaching of sdluble
compounds such as ammonium salts and amines [Quilin, Lujia and Guangqun, 2017]
[Yuetal.,, 2014].

The sulphucontent for all the fuelis below 0.06 wt.%afexcept for the MRB
which is significantly higher at 0.22 wt.@af Vassilev et al. [2010] reportetiat
coffee husks (a shell that coats the beaart)ave a sulphur content of 0.35 widAf,
which suggestsaffee plants are naturally high &8 However, the BMRB has a
substantially lowefs content (0.06 wt.%af) meaning that the brewing process can
remove up to 70% of th® content. A similar result was observed in Yu et al. [2014]
for Jose wheat grasshich went from 0.23 wt.%lbto 0.06 wt.%db using deionised
water at room temperature with agitation. A similar process by Deng et al. [2013] of
using deionised water at room temperature but using a water bath to agitate the
leaching process resulted in siari reductions for wheat straw, rice straw, corn stalk,
cotton stalk and rice hulls. A study by Sun, Salisbury and Tomkinson [2003] explains
that S will leach into a solution as both inorganic anions or organic compounds
depending on its natural presengéhin a biomass. However, limits @removal can
be dependent on competition with other organic compounds usually because of

temperature influences [Sun, Salisbury and Tomkinson, 2003].

Leaching of chlorine has been extensively researched by variousng/ash
techniguedKnudsen, Jensen and Dalohansen, 2004] [Jenkins, Bakker and Wei,
2003] [Bjorkman and Stimberg, 1997]. Watewashing is highly effective at
removing chlorine from biomass because it is usually present as a free anion or loosely
bondedat ion exchangsites [Marschner, 2012] [Knudsen, Jensen and-Danansen,

2004] Similar toStheCl content for the MRB, 0.21 wt.#b, is reduced after brewing
BMRB, 0.03 wt.%db, by 85%. It is expected that there would be competition between
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the sulphur aion, SQ?, and the monovalent chloride ion, CUsually this
competition is generated by ion saturation of water bofleskins et al., 1996]
however because the brewing process in commercial coffee machines simulates a
continuous flow process more than a batch process this would prevent saturation and

thus aid removal of both ions.

Table 5.2: Ultimate and chlorine analis of fuels studied

Carbon  Hydrogen Nitrogen Sulphur  Oxyger?  Chlorine®
(Wt%) daf (Wt%) daf (Wt%) daf (Wt%) daf (Wt%) daf (Wt%) daf

This Commercial 53.0 7.1 1.89 0.03 379 0.04 21.1
Work Coffee Logs
Willow Wood 49.0 6.8 0.54 0.00 438 n/d 19.28
Logs
Mexican 57.0 7.4 1.86 0.22 33.7 0.21 22.29
Robusta
Bean (MRB)
Brewed 54.0 74 1.66 0.06 365 0.03 21.51
Mexican
Robusta
Bean
(BMRB)
Kang | Wood Pellet 49.0 6.4 0.42 0.01 445 n/a 19.35
etal " Coffee Bean | 55.0 7.2 1.69 0.06 356 nla 21.97
[2017]
(before
brewing)
Dried Spent 54.0 7.4 1.48 0.05 368 n/a 21.97
Coffee
Ground
Soysa | Douglas Fir 49.0 6.1 0.00 0.00 44.8 n/a 19.04

[%?5'] Spent Coffee | 54.0 7.1 2.40 0.00 36.8 n/a 20.92
Ground

(two staged
drying)

3Calculated by differenc@determined by SOCOTEC external analy&s/culated using EG.7 by

Friedl et al. [2005]

5.3.2 Metals Analysis
Analysis of the metals in the ash are shown in Table. 5.3 for the fuels studied

and some other domestic stove fuels.

As mentioned in the previous section understanding the nature of coffee as a
fuel is difficult. Using Table 5.3, the SiQconcentration isanked in the order
miscanthus> coal> mixed waste paper> sawdust> BMRB> commercial coffee logs>
MRB> willow wood logs> salix. Straws and coal are often high in.$i» comes
from natural processes during growth or formation. The mixed waste paper and
savdust are high in Si©from anthropogenic sources during manufacturing. The
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BMRB and commercial coffee logs are higher in 8it@n the MRB, this is because

Si is in more stable structwéhat do not leach in water. Wood is notoriously low in
SiOy, the dfference between the salix and the willow logs is most likely the amount
of bark as bark is often lower in Si@ompared to the actual wood [Vassilev et al.,
2010].

Table 5.3: Metals in ash analysis of the fuels in this work and comparison with
other fuelsfor domestic stoves, all values are in wt.%

Reference Fuel SiO; FeOs3 CaO MgO NaO K20
Commercial Coffee | 5 15| 511 | 3031| 1.62 | 0.22 | 23.26
Logs
Willow Wood Logs 9.25 | 1.25 | 39.65| 5.06 | 1.35 | 22.11
This Work Mexican Robusta
Bean (MRB) 16.51| 451 | 26.76| 1.54 | 0.97 | 32.21

Brewed Mexican
Robusta Bean 22.31| 6.56 | 3251 1.46 | 0.19 | 20.81

(BMRB)
[Zevenhoven
Onderwater et al., Salix 6.1 0.74 | 46.09| 4.03 | 1.61 | 234
2000]
. Miscanthus 56.42| 0.94 | 10.77| 3.01 | 0.47 | 19.75
[Wigley et al., 2007]
Sawdust 26.17| 1.82 | 44.11 5.34 | 2.48 | 10.83
[Vassilev and Coal 54.06| 658 | 657 | 1.83 | 082 | 1.6

Vassileva, 2007]
[Miles et al., 1995] Mixed Waste Paper | 28.62| 0.82 | 7.63 24 | 0.54 | 0.16

The concentrations of K@z are in the decreasing order of coal> BMRB>
commercial coffee logs> MRB> sawdust> willow wood logs> miscanthus> mixed
waste paper> salix. The £ measured in ash has low mobility and is usually found
in high concentrations in contaminated biomass andwdtyral residues [Vassilev et
al., 2010]. Based on Table 5.3 the highest containingd#biomass have been
torrefied. Torrefaction causes ash to become concentrated [Akinrinola, 2014]. The
brewing process also concentrates thgOkdased on the results from Table 5.3,
between the MRB and the BMRB the.Be concentration increases by 2.05 wt.%,

this is 45% increase after brewing.

The MgO concentration is ranked in the order sawdust> willow wood logs>
salix> miscanthus> mixed wasgaper> coal> commercial coffee logs> MRB>
BMRB. According to Vassilev et al. [2010] there is a moderately strong positive

correlation between the MgO concentration and the CaO concentration. The CaO
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concentration ranks in the order salix> sawdust> willowow logs> BMRB>
commercial coffee logs> MRB> miscanthus> mixed waste paper> coal. The two
trends are similar with the exception of the coffee derived flirelsothAbelha et al.

[2019] and Yu et al. [2014] during torrefaction and washing the concentadt©aO
increasesin the latter leaching alone increases the concentration on average by 19%
for a mixture of straws and woadk this work the increase on brewing is 21%.
Therefore, the exception in the correlation between MgO andcGald befrom pre

tfreatment.

The NaO concentrations are in decreasing order of sawdust> salix> willow
wood logs> MRB> coal> mixed waste paper> miscanthus> commercial coffee logs>
BMRB. The solubility of Na ions in water is very high and therefore it is anticipated
any mdoile Na will be readily removed during the brewing process. Yu et al. [2014]
noted thathe concentration of N® is reduced for most of the fuels studied (grasses
and woods). There is one exception to this in Yu et al. [2014] which is switchgrass
where tle NaO increases after the washing process. This is most likely due to the
presence of Na insoluble structures for example within silica. However, for the
MRB and BMRB in Table 5.3 it can be assumed that the Na is present as soluble Na
since the conceration decreases by 0.¥8.% after brewing

The K0 ranks in the order of MRB> salix> commercial coffee logs> willow
wood logs> BMRB> miscanthus> sawdust> coal> mixed waste paper. Based on the
data in Table 5.3, 40% of thex® is removed between the \BRand the BMRB. Yu
et al. [2014]observed that5% of the KO is removed when wheat and rice straw is
washed, this was lower than seen in the work of Deng, Zhang and Che [2013] for the
same fuels (78% and 84% respectivelpwever both are substantiallgigher than
measured for the brewing process in this wdkfore brewing th&>O content is
highandis comparable to herbaceous and agricultural residues such as hazelnut shells
(30.40 wt.%) and walnut shells (33.03 wt.%jter the coffee has been breavéhe
reduction is substantiagdndthe fuel is now comparable to the wood fu@hsterms of

K20 content in the ash)

5.3.3 Particle Size Distribution
Particle size distribution has been shown to have significant impacts on the

combustion performande various boilers and stoves [Russo et al., 2014] [Caposciutti
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et al., 2020] [Kang et al., 2017]. Fig. 5.2 shows the particle size distribution for the
commercial coffee logs and BMRB from this work and compared to the results of

Kang et al. [2017] for t spent coffee grounds.

B Commercial Coffee Logs ®BMRB Kang et al. [2017]

Distribution (%)
= k) W s W Y -1
o O O O O O O O

o

>1000 1000-850  850-500  500-250 250-100 <100
Particle size range (pum)

Figure 5.2: Particle size distribution of used ground coffee from commercial
coffee logs, BMRB and Kang et al. [2017]. A standard error of 5% applies to the
measurements in this work to account for lost mass.

From Fig 5.2 it is clear that the majoritysggentcoffee grounds have a particle
size in the region of 50@5Cm. Additionally, over 90% of particles in the BMRB
and in the work of Kang et al. [2017] are below &00 for the commercial coffee
logs this grcentage is smaller (72.4%) but still represents the majority of particles in
the briquettes. For the commercial coffee logs the distribution is much more evenly
spread creating a much smaller skew towards the smaller particles. Reasons for this
are not e@finitive however are most likely the result of collecting from multiple
sources, each coffee machine user can decide how coarse they want the coffee ground.
Other reasons could include differences in beans and agglomeration from moisture,

temperature angressure.

5.3.4 Stove Combustion

5.3.4.1 Stove Performance
Stove performance focuses on three key measurements: burning rate,
conversion efficiency and temperature. Fig. 5.3 shows the burning rate over the whole

combustion period, arrows indicate whewnbatches of fueHl.5kg) were placed in
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the stove. From Fig 5.3a for the coffee logs, the plot shows an initial peak (in the black

box) after reload followed by the main broader peak which continues to the end of

combustion. The initial peak is causedtbe rapid combustion of thkin carbon rich

wax coating which encases each briquette. Once this coating is combusted the
briquette loses all its integral shape causing it to form a bed of soft powdered fuel.

This bed then begins flaming very rapidly berthe burning profile restores its shape

very quickly.
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Figure 5.3: Burning rate profiles for (a) Commercial coffee logs (b) Willow wood
logs. Arrows indicate fuel reloading points.

Profiles for lmth commercial coffee logs and the willow wood logs have a
regular shape. This means that the fuel is loaded, it begins to flame, flaming progresses
to a peak burning rate and maintains for a period, after which the burning rate steadily
declines as the &l progresses through char combustion and until combustion ends.
The main differences (besides the aforementioned initial peak from the coating) are in
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the magnitude and width of the peaks. For the coffee logs the peak is sharper and
narrower for the flanmg period, and then during the smouldering phase the profile is
more gradual in its decline. This is especially important since the characteristic time
for each batch of fuel is nearly identical.

Table 5.4 shows the average burning rates for flaming sanoduldering
combustion, the peak and average temperatures during each phase and the percentage
conversion of each batch of fu@he average burning rate for the coffee logs in both
flaming and smouldering combustion is higher than the willow wood logshwhi
results in an overall greater conversion of the fuel. The average and peak temperatures
for the both combustion phases are higher for the coffee logs which is expected since

the calorific value is greater (21.1 and 19.8 MJ)kg

Past work has showndhthe flaming burning rate is related to the volatile
matter content [Faschinger et al., 2017] [Mitchell et al., 2016]. However, when
referring back to Table 5.1 the volatile matter for the willow wood lofysw®%6 daf)
is higher than the commercial ceff logs (8 wt.% daf). Caposciutti et al. [2020]
demonstrated that smaller particles during combustion can ignite much faster due to a
high surface area to volume ratio. Thisakevantto the fuels studied in this work, the
coffee logs are made from 724ub500 m particles. The willow wood logs combust
as a complete unit with a much lower surface area to volume ratio. Therefore, the
particle size is the main influencing factor increasing the burning rate aedttre
of combustion, Eq. 3.17
Table 54: Average burning rates, average temperatures and peak temperatures

for each batch and combustion phaseand the overall percentage batch
conversion efficiency

Fuel Commercial Coffee Willow Wood Logs
Logs
Batch 1 2 1 2
Flaming Burning rate (kg h') 3.15 3.26 3.05 291
Combustion
Average Temperature ¢C) 510 530 435 410
Peak Temperature fC) 590 600 470 480
Smouldering Burning rate (kg h'?) 2.58 2.33 1.75 1.68
Combustion
Average Temperature (C) 410 390 310 300
Peak Temperature (°C) 435 420 375 355
(%) Extent of Combustion 86 89 84 82
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5.3.4.2 Carbon Emissions

Carbon emissions specifically refers to £ QO and ChH emissions in this
section. Fig. 5.4 shows the g@nd CO emission profiles for the coffee logs and
willow logs. Comparing the two profiles, the willow wood follows a profile typical of
wood stove combustion where by the £#nissions increase after the new batch of
fuel has been loaded, this increasea peak and a plateau which declines as the fuel
bed transfers from flaming to smouldering combustion. As the phase transition occurs
the CO emissions increase to a peak and then decrease indicating combustion is
ending. This transition is common in domestoves because it reflects the changing
stoichiometry (lower mixing), temperature (decreasing) and reaction phase

(homogeneous gas phase reactions to heterogedearut®mbustion).

Compared to the burning rate profiles in Fig. 5.3, the concentratdifep in

Fig. 5.4 are not as consisteWhen fresh fuel is loaded into the stove the heat within
the stove initiates decomposition of the fuel, the high amount of carbon from the new
batch of fuel accelerates the burning rate. The relationship bethvedmuting rate

and emissions is not consistent. During the combustion of the coffee logs and the wood
logs even though the burning rate profiles are uniform thg @D profiles suggest

that oxidation reactions were being restricted, this could be fromtipheufiactors such

as air flow, turbulence, stoichiometoy residence time. This explains the disparity

between the two parameters.

Comparatively the coffee logs show a different scenario. The emissions of CO
and CO directly correlate to the burnirade in Fig. 5.3 for the willow, however there
is no correlation for the coffee logs. Instead in the coffee log profiles there are random
sharp spikes. This is more noticeable in the first reload batch compared to the second.
The profile for the coffee lagis more characteristic of a pellet boiler as seen in Sippula
et al. [2017]. The particle size is believed to be the main parameter influencing this
result. Once the coffee log disintegrates into a powder the transfer of heat and mass is
more consistentcaoss the fuel bed because of the high surface area to volume ratio.
The spikes seen on the g@ofiles are being driven by localised rapid volatile release

at specific moments.
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Figure 5.4: Emission profiles for CQ and CO for (a) Commercial coffee logs (b)
Willow wood logs Arrows indicate fuel reloading points.

The resul$ alsashow that the small particle size of the coffee logs maintains a
longer time period of flaming combustion and the change from flamirmgdalslering
is morerapid This is the opposite to the willow logs where the logs retain their shape
throughout combustion until fragmentation in the very latter stages of char combustion
causing the fuel to disintegrate. Hence char combustion for thelayges of the log
is progressing whilst devolatilisation of inner areas of the log have just started, heat

and mass transfer are determining the rate of combustion.
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Table 5.5: Average emission factors for a batch of fuet-{.5 kg) for COz, CO and
CHson a mg Nm® and kg GJ! basis

Average Emission Factors (13% @ STP) MCE Residual
mg N3 kg GJ dry fuel* | Cg\(;?tgrr:]igg;}e
Co, | CO CO, CHa (%)
Commercial Coffee Logs| 160000 | 7300 | 400 | 100 | 5 | 0.26| 95.6 7.5
Willow Wood Logs 115000| 4600 300 | 75 | 3 | 0.16| 96.2 18.8

Table 5.5 shows the average emissions of, @® and CH for a batch£1.5
kg) of fuel. The emissions for the coffee logs are substantially higher than the willow
wood logs on both a mass agdergy basis. However, when analysing the emissions
using the modified combustion efficiency (MCE) equati@y. 5.1 the ratio of
complete to incomplete combustion, the two fuels are very similar, Haot@high
efficiency. Additionally, as seen in TalBe4 because the willow wood logs burn in a
sequential method from the outside to the insidis reduced the percentage of the
batch mass that was reacted, betwe&ftess than the coffee logs. In Table 5.5 the
residual reactive carbon in the bottom a$ithe wood logs is higher, this means that
the extent of reaction (conversion efficiency) is significantly higher for the coffee logs
(>10%).
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Figure 5.5: Methane, CH;, emission factors plotted against the C/H ratio from
the fuel analysis. Points fron Chapter 4 are included.
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As mentioned in Chapter 4 using Eq.-4.8, theCHs emissions are from the
decomposition and gasification of volatiles. A correlation between the C/H ratio and
the CHs emissiors was evident from Fig 4.9. Fig. 5.5 shows the safag from
Chapter 4 as well as the two fuels from thirk. As can be seen in Fig.5a similar
trend line (x23%9 with a good R? value (0.7204) is plotted the value is still
substantially short of being a definitive correlatiblowe\er, this does stilpresenta
reasonable argument for therrelation between théHs emissios andthe C/H ratio

for fuels with a similar moisture content (<15 wt.%).

5.3.4.3Nitrogen Emissions

Table 5.6 shows the average NOx emissions, NOx emission factor and the
residual N measured in the bottom ash, as well as a comparison to data collected by
Nosek et al. [2020] and Limousy et al. [2013]. As can be seen from Table 5.6 the
coffee logs emit much higher concentrations of NOx compared to the willow wood
logs combusted on the same system. This result was exgeatedhe N content was
higher in the coffee logsAs can be seen in Table 5tBe N partition for the wood
logs ismore in the ash compared to the coffee logs

Table 5.6: NOx emissions, emission factor, and residual N in the bottom ash.
Additional data from Nosek et al. [2020] and Limousy et al. [2013] are shown.

NOx Emissions

FuekN Residual N in

bottom ash
0,
(wt. % db) (%)
gorf?me["'a' 1.84 300 190 6
This offee Logs
Work :
Willow Wood
Logs 0.53 140 80 14
Spent Coffee
Grounds 2.03 120
Nosek et (SCG)
al. [2020]
SCG/Sawdust
50/50 blend e —
Spent Coffee n/a
Grounds 2.91 206
Limousy (SCG)
et al. -
[2013] Pine <0.1 45
50/50 blend
Pine/SCG na 201
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Compared to Nosek et al. [2020] and Limousy et al. [2013] the emidsions
the spent coffe this work are much higher when the fiNekontent is much lower.
In both Nosek et al. [2020] and Limousy et al. [2013] the fuels were combusted in
pellet boilers where emissions are measured during a ss¢a#ycombustion process
(fresh fuel is continously loaded). Additionally, air staging is common in such
combustion systems which is used as a NOx reduction technique and has been shown
to reduce NOx emissions by up to 50% [Li et al., 2017] [Wang et al., 2018] [Wang et
al., 2020]. However, there &sbig difference in the results from the two references,
Nosek et al. [2020] explains that tepent coffee ground®sult is low because of

incomplete combustion, fuel rich combustion conditions.
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500
450 @ Peat Briquettes
f: 400 Biomass Blend @
O 350
ol
= 300
3 Z ® Low Smoke
0 250 ® Smokeless
&
g 200 m
‘T 150 Commercial Coffee Logs
é 2 Wood A . ® wood B
o 100 g
% B ™
S 50 I. Briquettes Willow Wood Logs
4
0
0 0.5 1 15 2

Fuel-N (wt. % db)

Figure 5.6: Emissions of NOx on an energy basis comparedttze fuelN content

As seen in Fig. 4.11, there is a linear correlation between th&faehtent and
the NOx emissions on an energy basis. Using the original points from Mitchell et al.
[2016], Fig. 5.6 shows the data for the coffee logs and the wilload logs on this
trend. The two fuels are consistent with the fuels studied by Mitchell et al. [2016]
however the magnitude is lower than expected based on the trendline. For the willow
wood logs thisnost likelyreduced combustion efficien¢ye some fel-N is retained
in the ash)For the coffee loggig. 5.6 suggests that torrefaction of the fuel causes
the NOx emissions to be lower than predictBoe same result as seen in Chapter 4

and byTrubetskaya et al. [201%¢r torrefied olive residue, wheterrefaction binds
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N tighter to C in the fuel matrix which delays its release during char combastibn

promotes the NO reduction reaction with C to N

5.3.4.4 Particulate Emissions and EC/OC Analysis

The PM emission factor is shown in Table 5.7 as well as results from the
EC/OC analysiskC is the same as black carbon (BQ)e coffee logs PMemission
factor is substantially higher than for the wood Idgased on the work of Roy and
Corscadden [2012] it could be said that this is because of the higher C/O ratio of the
coffee logs however more data would be need to make establish this trersinas
analogous with the data trend by Roy and Corscadden [2012], Fig. B.2.

Table 5.7: Total PM (PM:) emission factors and EC/OC/ash emissions. Values
are an average of two filters.

PMt Emission Average Compgition (wt. %)

% K
Factor
released
(mg MJ™)
Coffee Logs 338 34.9 32.8 32.3 27.15
Willow Wood Logs 204 24.2 36.6 39.2 32.19

aCalculated from ash analysis of the bottom ash

Looking at Fig. 57 which are photos taken of the filter papers/foils from the
impactors immediately after combustion, there is an apparent difference in the
collected samples. The PM collected for the coffee logs has a more pldkeder
appearance and hence has scatteredutarly across the collection surfaces. For the
wood logs there are much clearer scatter patterns and the PM looks to have partially
coalesced so is less powdike. Similar observations were observed in Wiinikka and
Gerbart [2004] and suggest that thaimconstituent in the collected samples for the
coffee logs is soot (EC)This is confirmed by theanalysis of the filter papers
(collecting submicron PM, which show a greater proportion of EC compared to the
wood smoke which has a greater proportionQf (organic carbon and tars
Additionally, assuming that any material collect that is catbonaceouss ash
material as defined by Sippula et al. [2009] and Schmidl et al. [2Qh&]proportion
of fly ash in thePM is significantly higher for the wablogs.

The PM constituent makap (EC, OC and Ash) for the willow wood logs in
this work is comparable to the resutifsAtiku et al. [2016] (EC-30-50%, OC~20-
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40% and ash-40%) for softwood fuelsThe only difference is in the EC valdier

willow which could be from better stoichiometry during combustion or the reduced
conversion efficiency. When comparing the coffee logs and the wood logs the ratio of
OC/EC (0.93 and 1.51 respectively) shows thatRM from coffee logsis more
similar to that fromcoal than biomasalthough the nature of the OC will diff@rhe

NOx emissiongrom coffee logsverealso similar to levels seen in caambustion

Figure 5.7: Impactor foils and filters for a) commercial coffee logs byillow wood
logs

The most intriguing observation is the lower PM ash content for the coffee logs
compared to the wood logghenthe initial fuel analysis shows that the aahd K
content is greaterA similar result was observed for rice straw -freatmaet
(torrefaction followed by washing) and combustion by Wang et al. [2@2@mical
analysisof thePM; for the pretreated rice straw wdswerin K even though the fuel
contentwas highefWang et al., 2020]During combustion at temperatures between
600-1000 C K salts form as chlorides asdIphateshowever,Si and Ca can prevent
the formation of these salts by retaining K or S in the char or ash nixthx Si and
Ca are not readily leached from biomass because of their structural stability and often
require acids or harsher chemicals to remove them. As can baskadle.5.3, the
SiO; content of the coffee logs is significantly higher than the wood dogisfom
Table 5.7, by analysing the chemical composition of the bottom ash, 5% more K was
released from combustion of the wood logs than the coffee Togscould explain
the increased ash content of the PM from the wood logs.
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5.4 Conclsions

In this work, analysis of the suitability of waste coffee grounds for domestic
combustion applications was assessed in comparison to other more conventional fuels.
Proximate, ultimate and metals analysis was used to compare the composition of the
spent coffee grounds to willow wood lagsdditionally, analysis of the coffee grounds
before and after brewing were analysed to assess the impacts of the brewing process
and to establish the variability of spent coffee groudsnbustion of the commercial
coffee logs was investigated on a domestic stove and compared to the willow wood
logs. Comparison was based on combustion performance (burning rate and
temperature) and emissions (GO, CH, NOx and PM).

Volatile content in the spent coffee groun@8-79 wt.% db) was lower than
the conventionalvood fuels (>80 wt.% db) this is commonsith thermally treated
fuels, as was the higher ash content which had a large degree of variabilitg.G201
wt.% db) and was substantially higher than the wood logt/sed in this work (1.68
wt.% db).After the coffee had been brewed the ash content was significantly reduced,
1.33 wt.%.

The carbon content in the ultimate analysis was approximately 5 wt.% (db)
higher in the spent coffee grounthe coffee grounds we very highin nitrogen,
values were greater than 1.66 wt.% (db) and were more comparable to coal than
biomass. The overall differences in the composition from proximate and ultimate
analysis resulted in the calculated HHV of the coffee being approxinatdl kg
(db) higher than the woeldased fuels.

Metals analysis was focused on major inorganic species. The&@n@nt of
the coffee increased after being brewed (22231 wt.% compared to 16.51 wt.%)
and was analogous with other industrial rasglsuch sawdust (26.17 wt.%Yipley
et al., 199band mixed waste paper (28.62 wt.%iles et al., 199b The CaO content
was substantially lower in the spent coffee (3683151 wt.%) compared to the wood
fuels, wood logs (39.65 wt.%) and salix (46V@%%) [ZevenhoverOnderwater et al.,
2000]. The most significant change after the coffee had been brewed was inGhe Na

and KO content, 0.78 wt.% and 11.6 wt.% was removed respectively.

The overall conversioduring combustiof spent coffee grounds theform
of commercial coffee logs was much greater than the wood logs. This was mainly
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attributed to the smaller particle size and the ease and speed at which the coffee logs
disintegrated when in the stove. After the coffee logs had disintegratedfdmesarea

to volume ratio was substantially higher. This also resulted in much sharper peaks on
the burning rate profile (Fig. 5.3) which were greater in magnitude than the wood logs
(~4 kg h* compared to 3.5 kgh

The carborbased emission factors (gCGCO, and Ch) were greatefor the
coffee logghan those measured for the wood logs. InterestingliitBE for the two
fuels were almost identical (95.6 to 96.2%Mhere was more C in ash for the wood
logs, which corresponds to the aforementioned lower conversion of the wood logs
compared to the coffee logs. The C/H ratosrelation tathe CH; emission factoin

this chapter was agreementvith thedatafrom Chapter 4 and Mitchel et al. [2016].

The NOx emissions from the coffee logs were more comparable to coal
[Mitchell et al., 2016] than conventional bioma$his was anticipated since the fuel
N content waslsosimilarto coal There was a greater amount of residual N in the

ash from the wood logs

Analysis of the PM collected indicated that tH&M from the coffee logs was
greater in EC and lower in OC and ash (assumed based on residuatongsajed
to the PM from thewillow logs. This was intriguing since the coffee was higher in
ash speciesBased onthe work of Wang et al. [202Q@he higher Si content of the
coffee logs reduced the release of K by retaining it in the bottomthlishwas
confirmed by analysing the K in the bottom ash
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Chapter 6. Characterisation of Bracken for Combustion

Applications

6.1 Introduction

In the UK current electricity generation is rapidly moving from the use of coal
to alternative fuels. Although part of this is being replaced by oil and natural gas; wind,
solar, nuclear, biomass and wastes @ being used. Biomass is particularly
advantageous as it can easily be retrofitted to existing coal fired power stations and
localised heat and energy systems without large capital investment or new plant

commission.

In the first quarter of 2019, bioenergy and waste accounted for 11% of the
UKés total energy production [BEIS Natio
grow as the UK moves towards no waste to landfill and stricter limitations on the uses
of fossil derived fuels. Within the biomass sector natural agricultural wasees
growing area for research and investment. A survey in 2003 by the Chartered
Institution for Waste Management (CIWM) [2003] showed that 90% of agricultural
holdings burned agricultal wastewith 83% admitting to burning on open fires. This
presents many opportunities for the management of waste to be utilised as fuels for
power generatioor in space heating systems

Bracken(Pteridium aquilinum)s considered an agricultural waswhich is
commonly burned in open fires. It is found annually on farmland, lowland heath,
moorl and, grassland, woodland, coast al al
common fern and is described as opportunistic, pernicious and invasive [B8%) (1
10013 EN, final]. Globally bracken grows in every continent except Antarctica.
Across Northern Europe, North America and New Zealand problems persist with the
growth of bracken and its damage to the ecosystem [Callaghan, Scott and Whittaker,
1981]. Ttere is more detail on the growth, structure and problems with bracken in

section 3.2.3

Current management options are limited because of the ban on the herbicide
asulox by the European Union in 2012 and the price of straw being cheaper; meaning
the markéfor animal bedding is no longer profitable [Lyme Disease Action, 2011]. It
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is clear that should an alternative use for bracken be available it would prevent land
management agencies from open burning [Donnelly, Robertson and Robinson, 2002].
There is roghly % of a million hectares of open lahdrvestabléracken available in

the UK. There is little recent literature on the considerations of bracken as an energy
crop, therefore it is important to analyse its potential use as a fuel from both an energy
ard environmental point of view in order to modernise current practices. This chapter

aims to characterise the properties of bracken and compare them with currently used
energy crops and biomass describeseation 3.2.3

6.2 Materials and Experimental Methods

6.2.1 Sample Harvesting

Samples were obtained from Budby Moor in Sherwood Forest,
Nottinghamshire at four different time points between-JOlgtober 2018, Table 6.1.
Five sampling sites were chosen based on their similarity in growing conéitions
swnlight exposure, proximity to woodland area and potential for water logging. The
site locations along with the GPS codes are shown in Fig. 6.1. Only the fronds were
sampled, this was decided as it represented a realistic management technique for future
hawvesting.

6.2.2 Sample Preparation

The samples studied and details of machinery used in sample preparation are
detailed inChapter 3 All the samples were dried in air for 96 hours at@®efore
being milled to a size of less thdmm. A small amount of sample was cryomilled to
a size range of 2000um for use in ultimate analysis, metals analysis, and TGA. For
ash fusion tests and metal analysis some sample was ashed before being milled, the
ashing procedure used was the same ad ums¢he British Standard Test for the
determination of ash in solid biofueBS EN ISO 21404:202@his method is outlined

in section 3.4.6

6.2.3 Experimental Methods
The details of all the experiments conducted in this chapter can be found in
Chapte 3.
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Table 6.1: Sampling times and weather conditions

Sampling Temp. Temp. Historical Historical 20-day prior
period High Low Temp. Temp. total rainfall
®) e High (°C) Low (°C) (mm)
1- 50 July 29 12 19 12 2
2- 30" July 26 14 20 13 19
3- 26" 23 11 16 9 52
September
4- 24" October 15 10 12 6 32

Site 5 5SK602690«
Site 22SK619690

Site 4 4SK612689 —\ B T4

Site 3 3SK618689
RN S N Sijte 1 25K620688

Figure 6.1: Sample sitesn Budby Moor, Sherwood Forestand GPS ceordinates,
Map from RSPB (2018)

6.3 Results and Discussion

6.3.1 Proximate and Ultimate Analysis

Results from the proximate analysis are showable 6.2, this includes
miscanthus, two straws, willow logs and torrefied willow (willow andefed willow
data is extracteftom Chapter 4. When the bracken is harvested, its moisture content
is very high (ar), >50 wt.%, therefore it was dried as detailed in section 6.2.2 and this
reduced the moisture to less than 10 wt.% ad. The main reasinyifay the bracken

was to prevent the biological degradation of the samples. The moisture is always
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higher in the first harvest than the final harvest, ihisecause of senescence in the

latter part of the growth cycle

The volatile content is higheluring the earlier harvestslowever the overall
change over the sampling time period was very small; at every site this change was
less than 2 wt.% db. The volatile content of the bracken is lower than that of other
frequently used UK energy plant specieakeman, Marrs and Jacob [1994] identify
that bracken has as@hotosynthetic pathway and a perennial growth cythgs is
the same as miscanthus; howeteere is a significant difference in the volatile matter

content,~15 wt.% db.

Table 6.2: Proxmate analysis of fuels studied

a ple S a ple O e O e Olatlie cd alrno A

Bracken 1 1 69.7 8.1 72.0 19.9 8.1
2 71.1 7.3 71.8 20.9 7.3

3 62.5 6.8 71.0 22.2 6.8

4 50.1 57 72.0 22.4 5.6

2 1 68.4 6.4 69.7 23.9 6.4

2 73.5 6.0 70.4 23.6 6.0

3 63.5 5.9 70.1 24.1 5.8

4 51.1 5.1 68.1 26.8 51

3 1 71.2 8.7 67.3 24.0 8.7

2 72.3 8.5 68.6 22.9 8.5

3 64.2 8.4 67.8 23.8 8.4

4 53.1 7.3 67.5 25.3 7.2

4 1 67.8 8.7 67.3 24.0 8.7

2 68.9 8.5 67.9 23.6 8.5

3 61.2 8.3 67.7 24.0 8.3

4 52.1 7.9 66.4 25.7 7.9

5 1 72.1 8.7 70.1 21.4 8.5

2 69.8 8.3 70.7 21.1 8.2

3 63.4 7.8 70.8 21.4 7.8

4 51.7 5.9 68.9 25.2 5.9
6Brackett 5.1 n/a 68.7 26.7 49
Miscanthus 9.1 n/a 87.0 8.4 4.6
Barley Straw (423) 7.4 n/a 75.1 19.0 5.9
Wheat Straw (093) 5.8 n/a 79.6 16.2 4.2
Willow 10 n/a 82.0 17.0 1.0
Torrefied Willow 7.6 n/a 73.0 24.2 2.8

*ar- s received?™ ovendried, > dry basis? calculated by differenc&ample period is the time of year

at which the sample was harvested.

The fixed carbon content for the bracken is significantly higher at the last

harvest than during any other time period; Site 5 showed an increase of 3.8bwt.%
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between harvests 3 and 4. TRE is also considerably higher in the bracken in
comparison to the other energy crops with the exception of the torrefied willow
briquettes. The torrefied willow briquettes haveF&@ content of 24.2 wt.% db
compared to 23, 26.8, 25.3, 25.7 and 25.2 wt.% db for the final harvest at shes 1
respectively. The miscanthus, 8.4 wt.% db, and bracken site 2 harvest 4, 26.8 wt.%

db, have the lowest and high&& contents respectively.

The ash content shows a significant degfegariability over the bracken sites
and harvesting. The highest and lowest contents being 8.7 wt.% db and 5.1 wt.% db
sites 3 and 2 respectivelyhe change in ash content over the sampling time period is
also variable between siteSites 1 and 5 expience a large change (2.5 wt.% db,
this represents a change of over 30% in the ash content at botH\4iiest, the
smallest change is at site 4, 0.8 wt.% db, which is a chang®ein the ash content.
The ash content in the bracken is typicallgh@r than the other energy plar® the
other fuels thevillow has the lowest ash content, 1.0 wt.% db, and the barley straw
has the highest, 5.9 wt.%. The final harvests of sites 1, 2 and 5, have an ash content
which is comparable to the barley stravg,®.1 and 5.9 wt. % db respectively.

Results from the CHNS analysis are showifable 6.3. The carbon content
of the bracken increases as time progresses by about 2 wt.% db. Compared to the other
energy species the bracken has a similar carbotentwith the exception othe
torrefied willow; this isexpected since torrefactionusedto energy densify a fuel.
Using Eq. 3.7 byriedl et al. [2005] irsection 3.4.4, the HHV can be calculated based
onthe elemental compositiom most of the kacken samples the increases in carbon
content result in an increase in the HHWhere are a few exceptions to thist
examplebracken sites 2 and 3 sample period 3 whereddweasesn hydrogen
content compensate for the increase in carbon conteritimgsimn the HHV being
lower than expected. The HHV of the brackegrisagest after the fourth harvest for
all the sites, this is also when the largest increase in carbon content occanseBige
HHV over the growth cyclef the bracken is lower thanast of the alternative energy
species with the exception of the willow, 18.98 M3 ktlp. The fourth harvest HHV
for the bracken sites3, 19.03, 19.40, 19.79,19.69 and 19.55 MJ #grespectively,
are comparable to the barley and wheat straws, 19.75 and 19.71 “Mdbkg
respectively.
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The hydrogen content of the bracken peaks at the third sampling period, this
then drops by approximately 1 wt.% db. All the sites have a significant change in
hydrogen between sampling periods 3 and 4, >12% of the relative total. The highest
bracken hydrogn content is site 2 harvest 3, 6.0 wt.% db, which is similar to the
willow, 6.2 wt.% db. Theveragehydrogen conterdver the growth cycles between

4.6-4.7 wt.% db which is lower than the other energy pants.

Table 6.3: Ultimate analysis, CHNSO, of fuls studied

Sample Site Sample

Period
Bracken | 1 1 45.7 39.8 4.3 1.86 0.26 0.28 18.42
2 47.1 39.1 4.5 1.56 0.29 0.26 18.77
3 46.5 38.9 5.6 1.92 0.25 0.29 18.52
4 48.2 39.8 4.8 1.38 0.20 0.18 19.03
2 1 47.8 38.8 4.7 1.97 0.29 0.22 18.88
2 47.6 39.3 5.0 1.87 0.27 0.26 18.62
3 48.1 38.1 6.0 1.75 0.15 0.25 18.79
4 49.6 39.6 4.6 1.09 0.15 0.17 19.40
3 1 46.6 38.1 4.7 1.99 0.05 0.33 19.27
2 47.0 38.2 4.3 1.80 0.14 0.34 19.28
3 46.9 38.3 5.3 1.03 0.03 0.43 19.16
4 48.9 38.2 4.7 0.92 0.12 0.10 19.79
4 1 46.5 38.0 4.7 1.99 0.15 0.36 19.27
2 47.1 37.6 4.7 2.01 0.16 0.42 19.33
3 46.8 37.9 5.4 1.60 0.10 0.44 19.28
4 48.2 38.3 4.6 1.02 0.09 0.32 19.69
5 1 46.7 37.9 4.8 1.85 0.19 0.21 19.17
2 46.4 38.2 5.2 1.73 0.28 0.19 19.00
3 47.7 37.3 5.4 1.69 0.18 0.18 19.35
4 49.4 39.0 4.7 0.98 0.16 0.10 19.55
6Bracket t| 495 39.7 4.4 1.11 0.20 0.14 19.41
Miscanthus 47.3 41.5 57 0.80 0.10 0.25 20.02
Barley Straw (423) 48.7 39.3 5.1 0.90 0.10 0.11 19.75
Wheat Straw (093) 50.3 39.4 55 0.50 0.06 0.03 19.71
Willow 48.5 43.6 6.2 0.55 0.04 n/d 18.98
Torrefied Willow 54.4 36.9 5.1 0.62 0.06 n/d 21.25

* db dry basis? calculated by differenc&galculated usindEq. 3.7from (fried! et al, 2005), nibutside
the detection limits of the instrumer@ample period is the time of year at which the sample was

harvested.

Fuel nitrogen content is a significant parameter when considering a fuel for
combustion, especially in domestic applications; previous research has shown direct
correlations between fu&l and NOx emissions [Mitchell et al., 2016]. The bracken
N content ishighly variable; the highest and lowest values being 2.01 and 0.92 wt.%

db. In the case of site 3 thecontent is half of the initial content by the fourth harvest,
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1.99 to 0.92 wt.% db. At every site the nitrogen content is substantially lower at the
fourth sampling period compared to the other sampling periods\ Toatent of the
alternative energy species, are lower than the bracken however the barley straw and
miscanthus are not too dissimilar, 0.9 and 0.8 wt.% db respectively.

The sulphur contd is also highly variable. Th® content peaks during the
early sampling periods and is at its lowest by the fourth harvest, in some cases this is
outside the detection limit of the elemental analyser. With the exception of gite 1
S content by the farth harvest is comparable to the alternative energy species and is

lower than the miscanthus and barley straw, both 0.1 wt.% db.

Chlorine content reduces in the bracketween the third arfdurth sampling
period for every site and ranges from 0.10.#4 wt.% dlover the growth cycleNo
Cl was detected in the willow and torrefied willow samples, past research has shown
that this is common in willoyWassilev et al., 2017The bracken on the fourth harvest
at sites 3 and was0.1 wt.% dband theyhave aCl content that is similar to the barley
straw, 0.11 wt.% dHt is alsosignificantly lower than the miscanthus, 0.25 wt.% db.
Site 4 has the highest chlorine content at the fourth sampling period, 0.32 wt.% db
this siteproduced bracken whickiashigher in Cl at all the sampling periods

6.3.2 Metals Analysis

Results for theéracemetals from ICPMS of thebrackenare shown inrable
6.4 as well ashe ypical contents for miscanthus, barley straw and reed canary grass
from the British ISO standard 172252014 (E) [2014]. The British standard does
include typical variations for each of the fuels aforementioned; however, for the
purposes of comparison this work only those variations that are significant have

been mentioned in the text.

Looking at the results for the barium concentration, the data is very scattered.
The general trend across all the sites is that the barium concentration increases with
time. The lowest concentration is site 3 sample period 1, 14.7 mgllkgand the
highest is site 4 sampling period 4, 45.5 mg &b. The original source of this barium
is unknown, past work concludes it is a result of soil particles in th¢\faskiles et
al., 2017].

The contents of both chromium (Cr) and lead (Pb) species in the bracken

change insignificantly and there are no observable trends over the sampling periods.
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Cr contents varies between 0.8 to 1.4 md dty and the Pb concentration betne.7

and 1.9 mg kg db; the Pb concentration is usually higher at the fourth harvest.
Comparing to the typical values for miscanthus and barley straw, the Cr content is
comparable to the miscanthus, 1 mgkth, but considerably lower than the barley
straw, 10 mg kg db. British 1ISO standard 172252014 (E) [2014] specifies the
concentration of Cr and Pb must not exceed 50 and 10 rhgltkgespectively for
herbaceous, fruit bearing, aquatic or blended biomass without additives. The highest
concentrabns of Cr, 1.4 mg kg db, and Pb, 1.9 mg Kgib, for the bracken do not

exceed these limits.

Table 6.4:Trace metal analysis results for the fuels studied

Site

Sample Sample

Period

mg kg-l db

Bracken | 1 1 148 09| 78| 08| 51 | 311.7 | 25| 30.8
2 15112 65|10 | 6.7 | 3895 |19 325

3 162/ 10| 53] 09| 89 | 5689 | 15| 364

4 17510 40|11 | 88 | 601.2 | 1.3 | 36.9

2 1 153 1089|100 | 47 | 2819 | 24| 295
2 202114 62|13 69 | 3216 | 21| 346

3 2251095112 101 ] 4809 | 1.8 | 385

4 26909 37|10 104 5458 14| 39.1

3 1 1471096114 | 41 | 286.6 | 25| 294
2 176 | 20 | 51 06| 6.2 | 4859 22 | 36.4

3 269]1239|18| 94 | 606.2 | 20 | 43.1

4 23910 28|19 84 | 530.7 15| 329

4 1 186 0.8 90| 08| 42 | 2655| 24| 313
2 27810 8305 58 | 3639 16| 28.2

3 391113/ 46| 11| 94 | 6473 | 1.4 | 39.7

4 455 1334 11 106 6972 1.2 | 394

5 1 195/ 09| 88| 07| 45 | 276.8| 2.6 | 30.6
2 186 | 1.1 | 7112 | 78 | 3429 | 23 | 321

3 221112 56| 08| 82 | 5894 | 1.8 | 345

4 247110 34|11 79 | 566.2 15| 38.7

6Brackette| 263/09|41 |11 10.2| 5103 | 1.4 38.6
ISO Standard Miscanthus nfa | 10| 20| 20 | n/a 20 2.0 10

1.12221241 Barley Straw | n/a | 10 | 20 | 05| n/a | 40 | 1.0 10
' (E) Reed Canary | nfa | nla| nfa 1 n/a 160 | n/a| nl/a
Grass

*Relative error for the bracken values#g%, calculated from standard deviation of measured values

Sample period is the time of year at which the sample was harvested.
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Past research shows that uptake of coger) by plant species is highly
dependent othe plant species, the presence of inorganics in soil and the moisture of
the soil [ChigboBatty and Bartlett, 2012]. Th&u content of the bracken decreases
as the annual cycle progresses. The highest concentration is measured at site 4
sampling period 1, 9.0 mg Rgib. The limit specified in ISO 1722%:2014 (E) [2014]
is 20 mg kg' db. Compaed to the miscanthus and barley straw, both 2.0 rmigkg
the average concentration for the bracken in the fourth sampling pesi@ikigher,

3.5 mg kgt db. Theconcentration rangier barley strawfrom ISO 172251:2014 (E)
[2014], isbetween 1 td0 mg kg* dbwhich is much broader than for the bracken over
the growth cycle, 3:9.0 mg kg' db.

The strontium(Sr) in the bracken increases as time progresses; the highest
measured concentration is 10.6 mgtkdp at site 4 sampling periogl Sris not
typically considered very important in fuel analysis because of its low concentration
in most biomass. Although there is very little research on the impa&8siffuels
during combustionit is reported that strontium has simileiiemical properties to
calcium both are alkaline metaléccording to Sullivan and Glassman [19d1fing
combustion strontium and calcium ithe vapour phasehave very similar
homogeneous characteristics. Therefore, if there were significant quareiigesed
further discussion o6r would be appropriate in relation to slagging and fouling

characteristics. This is not the case for the bracken sampled in this work.

ManganesgMn) is an area of interest for bracken because the measured
concentration igreater than typically found in most biomass. As the bracken cycle
progresses thkin concentration increases, this is from 280 mg & to 580 mg ky
1 db. Comparing this to the other fuels irable 6.4the Mn concentration is
substantially higher in br&en, reed canary grass being tiexthighest at 160 mg kg
1 db with a reported variation of up to 200 mg'ktp.In ISO 172251:2014 (E) [2014]
the only other comparable biomass is grass hay which has a typical concentration of
1000 mg kg db but can hee a concentration of between 200 to 2600 nmédig Mn
can beconsidered a heavy metal specie in geochemical research [Kuramshina et al.,
2014]andan important ash forming element, it is moderately mobile and has a strong

and important association wi@aandMg [Vassilev et al., 2017]
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Both nickel(Ni) and zing(Zn) haveconcentration limitsthese are 10 and 100
mg kg db respectively [ISO 1722%-2014 (E), 2014]. As can be seenTiable 6.4,
thehighest concentrations are 2.6 (Ni) and 43.1 (Znkgrdb, both are substantially
below thelimit. The general trend fai is that its concentration deceases by about
1.0 mg kg db as the cycle progress€sr theZn it generally increases however it is
highly variable depending on the site. The conentration of the bracken is
comparable to both the miscanthus and barley where@s tt@ncentration is higher.
The variation reported in ISO 172252014 (E) [2014for Zn in miscanthusanges
from 3 to 30 mg kg db and the barley straw from 3 to 60 k' db. The variation

on the bracken is muatarrower, 13.6 wt.% dhlihan theothertwo alternative fuels.

6.3.3 Ash Composition, Slagging and Fouling Indices

One of he main concemwith solid fuel combustion is ash slagging and
fouling. It is important when considering novel fuels in combustion systems that the
risks of slagging and fouling are understood to prevent operational and technical
problems. The fuel ash composition is whoin Table 6.5.The ash composition of
each fuel inTable 6.5 doesot add up to 100%, this is because it is an estimate of the
ash composition where all the species assumed to bexides these make up the
majority of the ashCarbonates, hydrogen ¢emates and sulphates will also be part

of the composition.

Typically, biomass has higher concentrations of certain ash species as they are
crucial nutrients and have specific critical biological functions in the p&ornhe of
these elements are vaporisatd then condensed in low temperature areas in boilers
and combustion systems. The ternary diagrafign6.2 from Bostim et al. [2012]
shows the interaction of #0(+Na0O)-CaO(+MgO}SiO;; adding the fuels from this
work to the diagram, the bracken at flourth harvess predicted to havine highest
slag formation temperaturabove the 120 isotherm line from Morey et al. [1930].
The order of slagging temperature basedrign6.2 goes bracken harvest 4 >bracken
harvest 3 >bracken harvest thiscanhus >wheatstraw >bracken harvest lbarley
straw. Over the annual cyglthe slagging temperature increases from about ID00
to above 1200C. Comparing to the fuels used by Béstret al. [2012] the bracken
performs similar to conifer stumps which arensiolered to be a woody biomass, the

bracken has a significanthigher slagging propensity than the stem and bulk woods.
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Table 6.5: Ash Composition of Fuels Studiednft. %)

ample s ample O Al,O &0 O a0 gO a,0 O Os PO O
Perioad

Bracken 1 1 179 0.1 0.1 <0.1 | 51 | 0.7 0.7 37.5 0.7 6.8 | 5.7

2 22.7 0.2 0.2 <0.1 7.1 | 0.9 15 31.1 1.1 5.7 | 5.8

3 271 0.2 0.3 <0.1 | 93 1.1 2.4 24.0 14 31 59

4 40.1| 0.3 0.3 <0.1 | 139 | 0.7 2.8 15.3 2.3 24 | 5.7

2 1 178 | 0.1 0.1 <0.1 | 5.0 | 0.9 0.6 37.8 0.7 74 | 6.1

2 231 0.2 0.2 <0.1 7.8 1.1 1.9 30.9 1.1 59 | 6.0

3 265 0.2 0.3 <0.1 | 89 | 0.8 2.7 24.1 1.6 34 | 59

4 424 | 0.3 0.3 <0.1 | 142 | 0.8 2.7 14.8 2.3 25 | 6.0

3 1 180 0.1 0.2 <0.1 | 49 | 04 0.1 38.9 0.7 6.6 | 5.8

2 235 0.2 0.2 <0.1 6.7 | 0.4 0.5 29.9 1.1 54 | 6.1

3 255 0.2 0.2 <0.1 | 69 | 04 0.6 24.3 1.3 28 | 6.3

4 471 | 0.3 0.3 <0.1 | 12.6 | 0.7 0.8 14.1 2.3 26 | 6.2

4 1 17.7 | 0.1 0.1 <0.1 | 54 | 12 0.8 38.8 0.7 78 | 5.8

2 208 | 0.2 0.2 <0.1 | 9.3 1.7 1.7 32.4 1.2 6.2 | 55

3 272 0.3 0.3 <0.1 | 12.4 | 0.8 3.1 23.3 1.7 41 | 57

4 38.0| 0.3 0.2 <0.1 | 16,6 | 1.4 3.3 15.9 2.3 20 | 4.7

5 1 179 | 0.1 0.1 <0.1 | 53 | 0.8 0.7 38.4 0.7 77 | 55

2 219 | 0.2 0.1 <0.1 | 82 14 15 315 1.2 6.1 | 5.6

3 269 0.3 0.2 <0.1 | 10.8 | 1.1 2.9 23.8 1.7 3.8 | 5.8

4 445 | 0.3 0.2 <0.1 | 150 | 1.3 3.0 14.3 2.3 22 | 55

60Brackett 408 | 0.2 0.3 <0.1 | 13.8| 0.9 30 15.2 2.0 25 | 6.0

Miscanthus 33.2 0.3 0.3 0.1 134 | 2.0 0.5 29.1 0.1 3.0 | 3.8

Barley Straw (423) 628 0.2 0.3 0.1 9.6 1.7 0.6 111 0.1 15 | 21

Wheat Straw (093) 55.8 0.3 0.2 0.1 115 15 0.2 13.9 0.1 2.1 1.3

*Relative error for bracken measurementi9% Sample period is the time of year at which the sample was harvBaragle period is the time of year at which

the sample was harvested.
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A Stem wood (spruce, pine)

¥ Pulp wood

© Various thinning assortments
O Fresh cutting residues

@ Stored cutting residues

X Various bark assortments

& Spruce branches

# Spruce needles
O Cornifer stumps

K,O (+ Na,0) ) ’ ‘ sio,

Figure 6.2 The K20(+Na20)-CaO(+MgO)-SiO2 system:] Bracken Harvest 1A
Bracken Harves* | Bracken Harvest 3*Bracken Harvest 4*a Miscanthus
¢ Barley strawO Wheat Straw *values are averages over all sitekigure taken from
[Bostrom et al., 202]

Fig. 6.3 is from Wang et al. [2017] and shows a different interaction series
which considers the mobility of inorganics in the structures of biomass; these can be

categorised into 3 groups:

{1 Highly mobility- K20, R.Os, S&, and CiO
1 Moderately mobility CaO, and MO
1 Low mobility- SiOz, Al203, Fe0s, N&O, and TiQ

Vassilev et al. [2017] discusses the problems with classification of Na in this system.
Traditionally Na was classified as a low mobility element because it typically forms
silicateshoweverin some biomss species which are more salt tolerating Na is present
more as chlorides and sulphategyhly mobile species. Bracken does not typically
grow well in coastal and wet areas and therefore it is reasonable to assume that Na will
exist more as silicates andse of the traditional interactions is appropriate.
Additionally, MmnsOs has limited interactions with other ash elements so can be

excluded for the interactions above [Bostret al., 2012].

Fig. 6.3shows that all the bracken samples are in the higbsitegn risk areas,
S and K types. As the bracken goes through the annual cycle it moves from a K type

to an S type, this is an increase in the acidity of the biomass meaning there will be
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more issues of corrosion. This trend moves towards the strawsrigeutt Wang et al.
[2017]. The barley and wheat straws from this study are in the same region as the
results from Wang et al. [2017] meaning the results from this work show reliable

consistency.

Wheat straw ash
Rice straw ash
Cotton straw ash
Woody biomass ash

© o * =

, A ,
0.0 0.2 04 06 0.8 1.0
K,0+P,0,+S0,+Cl,0

Figure 6.3 The K20(+Na20)-CaO(+Mg0)-SiO2 system Bracken Harvest 1A
Bracken Harvest 2% Bracken Harvest 3*Bracken Harvest 4*a Miscanthus
¢ Barley straw0 Wheat Straw *values are averages over all sitekigure taken from
[Wanget al., 2017]

Table 6.Gs a series odlagging and fouling parameters used by academics and
industry toestimatethe slagging propensity of a fudlhese indices are described in
section 2.3.3.1The base to acid ratidr; , alkali index (Al)and slagging viscosity
indexare calculated by Bq2.10-2.12respectivelyFor theRy/s, as the bracken goes
through the annual cycle the probability of slagging goes from high to modenate.
fourth sampling period for the brackdras arRyaof betweer0.70 and 0.89 which is
apprximately double the number for the straw fuels but is considerably lower than

the miscanthus fuels.

All of the fuels in this study except for the wheat straw have a high probability
of slagging based on the Al. The final sampling of the bracken is betvégrand
0.69 which is approximately a reduction of 1 kg alkali!@dm the first sampling

period to the last.
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Table 6.6: Calculated slagging and fouling indices

ample e ample Base to Acid Base AlKa de agging

Period Ratio P>0O5)?2 Percentage g alka 0 0
0) 0 de

Bracken 1 1 1.75 43.4 1.51 75.2

2 1.40 39.9 1.14 73.5

3 1.18 36.0 0.87 71.7

4 0.75 32.3 0.48 72.9

2 1 1.72 43.5 1.17 74.8

2 1.40 40.8 0.95 71.7

3 1.20 36.0 0.75 72.6

4 0.71 32.0 0.41 73.5

3 1 1.79 44.1 1.58 76.6

2 1.28 37.3 1.21 76.3

3 1.12 32.0 0.98 77.3

4 0.56 27.8 0.49 77.6

4 1 1.76 45.1 1.61 72.5

2 1.60 43.6 1.35 66.0

3 1.24 39.1 1.02 66.8

4 0.89 36.0 0.69 69.6

5 1 1.73 445 1.56 74.3

2 1.46 41.3 1.28 69.3

3 1.22 37.7 0.97 69.0

4 0.70 329 0.47 72.5

Miscanthus 1.19 43.3 0.68 67.9

Barley Straw 0.33 21.6 0.35 84.4

Wheat Straw 0.44 25.8 0.30 80.9

*a- calculated by equatioB.10Q, b- calculated by equatio®.11, ¢ - calculated by equatioR.12 Sample
period is the time of year at which the sample was harveSgedple period is the time of year at which

the sample was harvested.

For the slagging viscosity indexye bracken mults show a more complex
trend compared to the other indices but generally the bracken from harvests one and
four are above 72 so have a low slagging propensity whilst harvests two and three
show moderate slagging tendencies. None of the fuels studiedashmh slagging
propensity. The straws show superior slagging properties whiohagreementvith

the other calculated indices.

6.3.4 Ash Fusion Tests

Ash fusion tests (AFT) were carried out under oxidising conditions as
described inChapter 34.6. The resultsfor the bracken from sites 3 and 4 only are
shown inTable 6.7 these results are averages from the two test pieces. Selection of
sites 3 and 4 was based on the previous results from sectjaité 3lshowed the best
antrslagging properties wist site 4 showed some of the worst asifgging

properties.
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Table 6.7: Ash fusion test characteristic temperatures

o
ampile e ample D
DA o]0

Bracken 3 1 960 1000 1010 1030
2 910 930 980 1020

3 930 950 1000 1010

4 1000 1030 1160 1180

4 1 960 980 1020 1030

2 910 920 980 1020

3 920 950 1010 1030

4 1010 1040 1160 1180

Miscanthus? 800 900 1010 1100
Barley Straw® (423) 970 1010 1200 1250
Wheat Straw (093) 950 980 1095 1140

*a- values from Pang et al. [2013]; balues from Wang et al. [2012}; ealues from Akinrinola [2014]
Sample period is the time of year at which the sample was harvB8ategle period is the time of year

at which the sample was harvested.

Results 6 AFT are subjective to the analyst looking at the images, meaning
there is an inherent error in the reading of the temperature at which the characteristic
changeoccurs. The errors for the ST, IDT, HT and FT, are betwe¥nh G, 0-13 C,

0-10 C and 010 C respectively. The contrast of the images makes it difficult to
identify the first stage of ash meltingence the largest error is for this measurement
Compared to the results from Akinrindi2014] these errors are much smaller; this
could be due to a number of reasons but it is most likely from differences in the method

of analysis and confidence interval.

Looking at Table 6.7 theharacteristic temperatures are highest for the fourth
bradken harvest. Softening and initial deformation happen at aboveC9fbd the
bracken meaning the ash is very stable up to this temperaheadour characteristic
temperatures occuwer a relatively small temperature range, approximately @80
As the havest time period progresses the stability of the test piece between the initial
deformation and hemisphere increases. The test piece retains its stability to the
hemisphere temperature and aboutter collapses; although this is not a sudden
collapseas described by Gudka [2012] it is also not as gradual as described by Baxter
et al. [2012].

Past work has shown that the process of ash melting can be variable, some
biomass types experience shrinkage and swelling at different temperatures [Roberts et
al., 2019]. This can have significant impacts on the results and is inherent to different
fuel properties.Fig. 6.4 shows the test pieces at the characteristic ash melting
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temperatures for the bracken samples. The bracken does not experience any swelling
andfollows a uniform process of ash fusion until it reaches its flow temperature.

IDT

=

3.1

3.2

33

3.4

4.1

4.2

4.3

44

N

HE I8 13-
' s
CEeEEE L PE

Figure 6.4: Ash melting characteristic temperatures*The first number is the sampling
site and the second number is the sample period.
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Bryers [1996] plotted the henisere temperature against the base percentage
for a number of lignites and biomass. The plot produces a parabolic curve with a
minimum between 35 and 55 wt.% basic oxides. Using the base percentagalitem
6.6and the hemisphere temperatures fiicable6.7the bracken fuels are plotted onto
the figure from Bryers [1996] iRig. 6.5. Relative to the fuels studied by Bryers [1996]
the bracken has a similar correlation, however the results from Bryers [1996] were
from AFT conducted in reducing environmentgjs typically means that the
temperatures are lower (about 1GQthan in an oxidising environment. Therefore, as
with any fuel used, careful monitoring and considerations as to technology

applications would be required to prevent slagging and fouling.

3000 Note: Solid Data — Osman’s Data (233,234] / /
@ Biomass — Bryers /
- ! A 1600
2900 @ / f, a
o
2800M 1. Lignites and Wyoming Subbituminous, SI0,/ALO,>>1 | A "
2. Wyoming Subbituminous, SiOy/Al,0y>> 1 fAN £A
3. Wyoming Subbituminous, Si0,/Al,0, = 1 ' 1500
\ 4. Eastsrn Bituminous . A F
2700 =
a/n
__ 2600{- Typical )
t / Wood Bark|. 1400 *_
)] ' :
5 T @7 s
g g
© n E
g_ 2400 Low SIO,O - 1300 2
() Blomass Ash
P 2300l
a8
2200, a - 1200
A @ —
2100| o ™ High 510, K,0 »
\ Blomass Ash 0 1100
2000 I 1 L . } ' '
o} 10 20 30 40 50 80 70
Percant Basic [% X (P,0, + Ca0 + MgO + Na,0 + K,0l
®

Figure 6.5: Hemisphere temperatures and base percentage values for bracken at

different sampling periods, figure from Bryers [1996].

3, A bracken site 3 harvest 4/= bracken site 4 harvest 3¢
4.
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6.3.5 Pyrdysis and Combustion Studies

6.3.5.1 Thermogravimetric Analysis (TGA) and Differential Gravimetric Analysis
(DTG)

TGA and DTG analysis was carried out according to the method in section
3.5.1 in order to analyse the combustion and pyrolysis kineticshdltaw samples
(cryomilled) were heated to 90D at 10C mirt! in air and nitrogen for combustion
and pyrolysis respectively. Samples from different harvest time periods were
compared, all the samples studied came from site 4. It should be noted that the error
in TGA analysis is within 2% as determined by Phillip81&].

Analysis involved identification of the peak temperatures and mass loss rates
from the mass loss profiles in Figs. ®80. For combustion of biomass fuels, it is
evident from past research that two peaks form for the two key stages, deviatilisa
and char combustion [Jones et al, 2015]. This is different to coal combustion, which
only has a single overlapping peak, because of the higher VM content and reactivity
of biomass. The initial mass loss temperature)(Tthe temperature at which
maximum mass loss occurs during devolatilisatioy),(The rate of mass loss at this
temperature (dm/g, the temperature at which maximum mass loss occurs during char
combustion (%), the mass loss rate at this temperature (djn&itd the burnout
temperatue (Tg) are listed in Table 6.8. Thewland Ts are measured when the mass
loss equals 016 wt.% st at the start and end of the combustion runs, this is excluding
any drying periods. For pyrolysis (Figs. 6.9 and 6.10) there is a single peak which is
for devolatilisation; therefore, the temperature and mass loss parameters above still
apply except for the absence of @m/dt and T.

The initial mass loss on the TGA curves is due to moisture, Figs. 6.6 and 6.7.
This occurs at the same temperature forttadl fuels. All the moisture is removed

before the sample reaches 120

For the combustion profiles there are two main peaks, the first represents
devolatilisation and the second is for char combustion. Looking at the combustion
profiles from Table 6.8 rd Figs. 6.6, 6.7 and 6.8; the devolatilisation peak, T
increases as the bracken is harvested later (occt26 & hotter for the fourth harvest
compared to the other harvests). Additionally, from Fig. 6.7 harvests 1 and 2 have a

flat pretail before he main peak. This was also evident in the pyrolysis analyses. This
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phase was also seen in Miranda et al. [2008] for olive pits, pulp and residue cake and

is concluded to be from the evolution of light volatiles such as oils and resins.

The Tim also increaes as the bracken is harvested later meaning the reactivity
is decreasing. There is an increas®®iC between the first harvesting period to the
last. Dooley [2017] says volatile content is the main factor affecting the reactivity of
the fuel, howeversdiscussed in section 6.3.1 and Table 6.2 the change in volatile
content is within 2 wt.% db. Decreases in K content can also reduce the reactivity of
a fuel since it slows the catalysed rate of thermal decomposition of lignocellulose.
From Table 6.5 itg clear that the K content decreases as the bracken growth cycle
progresses. Therefore, this is most likely causing the decreases in reactivity. This
change in K content is also relevant to differences in the pyrolysis analyses discussed

later in this se@bn.

For the char combustion phase, the second peak, bathdTdm/dfincrease
as the bracken is harvested later. Comparing to the pyrolysis analyses the fourth
bracken harvest has the lowest rate of mass loss during devolatilisation but the highest
mas loss rate during char combustion. This is because more char is produced for the
fourth harvest based on the fixed carbon content, Table 6.2. This is also coherent with
the ultimate analysis of C, Table 6.3. The C changes are small; however past research
has shown that in TGA applications char yield is strongly influenced by the pseudo
components of biomass (cellulose, hemicellulose and lignin) as well as the K
concentration. Small changes in the carbon content can actually be the result of large
changestaa cell level and yield significantly different amounts of char [Skreiberg et
al., 2011].

The burnout temperatureg,Tis more interesting as there is no discernible
trend. The third harvest of bracken has the lowest burnout tempera@#€)4
followed by harvest 2 (82 C), harvest 1500 C) and harvest 4508 C). This is
linked to the differences in the shapes of the char combustion mass loss profiles. From
Fig. 6.7 harvest periods 1 and 2 have two peaks. One peak occurs betwddf 850
and the othr between 45810 C. This same result was seen by Darvell et al. [2010]
for shea and olive residue and Akinrinola [2014] for wheat straw (which as seen in
earlier sections shows similar properties to bracken) and is caused by the combustion

of two different char matrices. In the case of the early bracken harvests this is most
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likely from the differences in the stipe (soft fleshy material) and the pinna/leaflet (thin
brittle material), both of which make up roughly 50% by volume of the harvested
material. Additionally, from Fig. 6.8 bracken from harvest 4 has a shoulder on the
main char combustion peak at approximately-480 C; a small peak also occurs at

a similar temperature in the pyrolysis profile in Fig. 6.10; these two peaks are expected
to be from he decomposition of CaG(Skreiberg et al. 2011]. As seen in Table 6.5

the Ca in the fuel increases the later the bracken is harvested.

The rate of peak volatile release, dm/d$ lowest for the fourth harvest in
combustion and pyrolysis. This is mokkely due to changes in the mineral
concentrations, especially K. High Cl, and low Si and Al facilitates release of KCl and
KOH to the vapour phase in devolatilisation [Clery et al., 2018]. As the bracken cycle
progresses the K and Cl decreases and timei®ases so the volatile release rate slows
and more K is retained in the ash. This K is also known to promote more char
formation reactions [Nowakowski and Jones, 20B8] emissions are also dependent
on KCl and KOH and this is discussed later in $#c.3.5.5.

Table 6.8: Characteristic temperatures (C) and mass loss rateswt.% s?t)
measured in TGA combustion and pyrolysis of bracken at different sampling
time periods from site 4

Harvest Time Period

Method | Parameter

Tim 207 207 242 257
_ T. 308 310 313 332
% dm/dt, | 0117 | 0128 | 0134 | 0.106
% Te 408 411 413 432
N dm/dt. | 0.049 | 0.061 | 0.064 | 0.069

Te 500 482 464 508
® Tim 237 222 255 263
é’ T 335 337 343 338
& dm/dt, | 0.0967 | 0.0929 | 0.0861 | 0.0738
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Figure 6.6: Plot of mass loss with temperature from combusticiGA analyses
of bracken from harvests 14
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Figure 6.7: Plot of the time derivative mass loss (DTG) with temperature from
combustionTGA analyses of bracken from harvests 1 and 2
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