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Abstract

Agricultural residues and energy crops constitute an important part of thg ehang

although they are not being used extensively in the energy generation processdseyi are
associated with disadvantages such as low bulk and energy densities and handlingproblem
One solution is the pelletisation of these residues, which solves a great teakegbtoblems

and enables the competition of biomass with other types of fuels. A large amount of work,
concerning the combustion of biomass pellets, has been done previously, however, studies on
biomass pellet gasification are still limited. An effort is made, in theentiproject, to

connect the pelletisation and the gasification processes so that the workegréseatcould
constitute a guide to the industry.

The quality of the pellets to be gasified is affected by the initial pgligtarameters, namely
the feedstock moisture content, the feedstock particle size and the die didimeter
parameters in turn, affect the process of gasification. These relationghgstadied with

the purpose of finding an optimum behaviour in the pelleting process that would allow high
efficiencies of pellet gasification. The agricultural residue invetgthevas oilseed rape due

to high cultivation in the UK. Oilseed rape straw (OSRS) was pelletised anchused i

types of gasifiers; a downdraft and a spouted fluidised bed gasifier. @tlerdf biomass
pellets such as Miscanthus pellets and Dried Distillers Grains with SeREGS) pellets
were also studied. The gasification performance of the OSRS pelletenvpared with the
performance during gasification of Miscanthus and DDGS pellets.

The results showed that dry and large pellets required more energy to be niaed fioatn
the wet and small pellets. In addition, the results revealed the connectionrofidhe
pelleting parameters and the quality of pellets which was assessedsrotdhma pellet
density, the bulk density and the pellet durability. The wet pellets with a smatlgaize
had the highest density and the dry pellets had the highest bulk density and durability.

The effect of the initial pelleting parameters on the gasification wastldied. It was found
that the high feedstock moisture content negatively affected the gasiiipatiformance in
both downdraft and spouted fluidised bed gasification. The feedstock particle size did not
have an effect on the downdraft gasification but a minor effect was iddritfiehe spouted
fluidised bed. Large pellets were unable to be processed in the downdraft gasifettdue
increased bed porosity and pellet density and decreased amount of active carbehiktes
both large and small pellets were successfully processed in the spout bied Jamfgas
higheg heating value (HHV) produced in gasification was typically quite lowetieen 2-4
MJ/m”.

The comparison of the pellets showed that Miscanthus pellets had the highesdtgasif
performance followed by the dry OSRS pellets, the wet OSRS pellets alhdtheaDDGS
pellets. The most important reason for these differences was identifiedht® &ghtcontent
of the pellets.
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1 Introduction

1.1 Renewable energy in UK and the world

Energy is one of the great pillars in the ascent of Man. Humvans always finding comfort
and warmth around the fire, they used it for food and to protect thexas&lowadays,
energy is used in all forms for all kinds of uses but this spegdationship between Man and

energy was always the same.

Due to many reasons, some which will be discussed later onaineeaf vital importance to
make use of renewable energies from sources such as solds,wave, tidal and biomass
energy. This became apparent as fossil fuels, especiallyx@t, ia finite quantities. The
independence from reliance on fossil fuels is also independence freraststthat control

these resources. Due to this, the decision making process is highly politicadosbahl.

One important source of renewable heat and power is biomass. drhaski sources vary
depending on the location and the policies with wood and agricultural residues beingtamongs

the most abundant biomass sources.

The total available wood in Europe is in the region of 25 billidnahwhich 530 million m
are used annually. Around 55% (290 milliof)ris used in various wood products and 45%
(240 million nt) is used for energy generation. The 240 millichcwrresponds to 75 MTOE
(Mega tonnes of oil equivalent) or to 528 MWh or to 1920 GJ [1]. In tKethé largest
amount of wood flows (80% of the total), which includes the wood-derived pmodsict
retrieved from recovered paper and the saw mill industry [1]. Funthre, the UK wood
imports are larger than the UK exports with less than 0.5% share on the total UKLIGDP [

There are, obviously, other forms of biomass available in Europe Kraptrrt from wood.
Figure 1.1 shows the percentage of the various biomass resourceblaviail EU-24 and
Norway (2006 statistics). It is clear that the major sourcebiahass in Europe are the
herbaceous and fruit-derived biomass, the forest residues and those ¢rimutewood.
For the UK, the position is different due to the lack of forests.tl$®,major source of
biomass in the UK is the herbaceous and fruit-derived biomass folloyvesed wood, wood
retrieved from waste and also other biomass, which equate tomaor8Q@0 PJ availability in
the UK (of total 6,500 PJ in Europe) [2].
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Figure 1.2: Biomass use in EU-24 and Norway [2]

Table 1.1: Total availability and biomass use imdpe in 2006 [2]

relzg%rp:esssin Blomas(széAS/;nablllty Biomass use (2006) Perceg/tage use
Europe MTOE PJ MTOE PJ (%)
Herbaceous
and fruit 38 1582 6 232 15
biomass
Forest residues 35 1461 8 340 23
Firewood 29 1224 22 937 77
Solid industrial
wood residues 901 19 809 90
and by-
products
Other biomass 13 559 5 193 35
Spent liquor 12 482 12 482 100
Used wood 9 368 4 183 50
TOTAL 157 6,577 76 3178 48




Figure 1.2 and Table 1.1 show the major biomass sources that arie &edpe which are
firewood, industrial wood residues and spent liquor. On the contratptidiebiomass use in
UK in 2006 was a little more than 60 PJ with major contributorsdhest residues and the

industrial wood residues (50 PJ together) followed by used wood and refined biomass [2]

The share of biomass and wastes in the gross inland energy consumption inardees &dJr

27 from 3-3.5% to nearly 5.5% from 1996 to 2007. Around 70% of the biomass and isaste
woody biomass, but is expected to decrease as other forms of biareasflised such as
herbaceous crops [3]. 2008 statistics, show that biomass and wastesirshamergy
consumption in UK is amongst the lowest in Europe with less than 2 b&isTonly higher
than Ireland, Cyprus, Malta and Iceland [3] while the potential througheuthole Europe

is definitely higher (Table 1.2) [2].

Table 1.2: Biomass potential in Europe [2]

2010 (in PJ)| 2030 (in PJ)
Energy crops 800 6,000
Forestry and forest residues 1,000 900
Agricultural residues and organic | 2,900 3,100
waste
TOTAL 4,700 10,000

The available arable land in UK for the cultivation of bioenergpsris 824,000 hectares

with the potential to grow to 1,118,000 hectares in 2020 and 1,584,000 hectares im2030.
the EU-22 the numbers are: 12,965,000 in 2010, 16,170,000 in 2020 and 19,267,000 in 2030
[4]. This means that the bioenergy potential due to the agriculture and wasteirs thig UK

(Table 1.3).

Table 1.3: Environmentally-compatible bioenergy potential in UK (MTOE), aguicilt
residues belong to “waste” [4]
2010 | 2020| 2030
Agriculture | 3.4 8.8 14.7
Forestry 1.5 1.5 1.1
Waste 8.6 8.7 8.6
TOTAL 13.5 | 19 24.5

In the UK, the major barriers concerning the biomass usehareatv materials supply, the
sustainability concerns and the competition with fossil fuels. Bgarcwood as reported by
the UK is the major market barrier for trading pellets [4jisTis shown also by the large
imports especially from Canada. The share of the Canadian woedt ipglorted to the UK
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was high in 2008; 39% of Canadian wood pellets ended up in the UK marketstfer

major Canadian wood pellet exports were to the Netherlands 37%uiBe2di% and Sweden
3% [3]. UK imports large quantities of biomass products for enprgguction. For the year
2005-2007, plant-based biomass (straw, SRC etc), which was the segesd $murce of
biomass source of energy, utilised 40% of imported materiadifilagas was the primary

source of biomass energy [5].

In Europe, only Latvia has enough raw materials to be self-guffiecn the wood pellet
production.For this reason it is important to consider alternative biomas resources and

their implementation into the end-user market.

A very important agricultural crop is the oilseed rape. The pramucit oilseed rape in the
EU-25 had reached in 2005 the 15.5 million tonnes which is a nearly 30fr ligmpared
to 5 years previously. The oilseed rape that year, grew in 4.&mihictares of which the

nearly 80% is concentrated in 5 countries as it can be seen in the Table 1.4 [6].

Table 1.4: Oilseed rape production in various European countries [6]

Hectares % of total in
(million) Europe
Germany 1.35 28.1
France 1.21 25.2
UK 0.6 12.5
Poland 0.55 11.5
Czech Republic 0.27 5.6
TOTAL (of five 3.98 82.9
countries)

The total area of arable land in UK from the year 2006 to 2010 fmugacrops is shown in
Figure 1.3. The graph clearly shows that oilseed rape is an ampamop for the British
agriculture as it is the third largest cultivated crop in UK after waedtbarley [7].
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Figure 1.3: Arable land for various crops in UK [7]

Currently, in the UK, 0.2 million tonnes of stradefived from various cereals and oilseed
rape) are used in various thermal processes (28@8, dut at the same time, more than 10
million tonnes of straw are available (Table 1A$.a comparison, 3 million dry tonnes of
cereal straw is about 1 MTOE and in energy term®0M to 50,000 TJ [5]. To help
understand the analogies, 1 MTOE corresponds triel@® power supply for more than
700,000 medium size houses (assuming that tranafmmefficiency of thermal power to

electricity is 0.2 which is a conservative estirajt.

Table 1.5: Arable land and straw production forimas crops in the UK [5]

Crop Ha Straw production

(t/ha)

Wheat 2,000,000 3.75

Barley 1,000,000 2.75

Oilseed rape 500,000 15

Oats 100,000

Triticale 13,000
Rye 9,000

Despite the high potential of the energy crops sasgMiscanthus, Switchgrass, Reed canary
grass, Willow and Poplar, the current use is veny;lless than 15 thousand hectares for

Miscanthus and willow combined (data of 2009) [5].

! Calculated under the assumption that the average electricity consumption of a medium-scale household in
the UK is 3,300 kWh/y [8]

15



Biomass electricity

Currently the contribution of renewables in the Bl€ctricity production is 5% of which the
80% comes from bioenergy. Agricultural and woodidess and biogas were the main
support in bioenergy supply. On the contrary, lssn 0.1% of total electricity produced
using energy crops and short rotation coppice U609 data). Concerning the heat
demand, biomass contributes with less than 1%eiregl, 2006 statistics indicate that straw
or wood products contribute approximately 6.3 TWhheat energy to the non-residential

markets [5].

Thus, renewable energy could contribute to furt@® (to reach 15%) in the total electricity
production as it is required by the UK Renewablddigation (15% of electricity must be
derived from renewable by the year 2020) [9, 10].

The production of primary renewable energy in th€ i 1997 was 2.071 MTOE of a total
92.39 MTOE in EU-27. The production in UK in 200%ieased to 4.368 MTOE of a total
138.831 MTOE. The share of various renewable pynsaurces was (2007) 1.1% solar,
78.5% biomass, 10% hydropower and 10.4% wind endrhly

390
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Figure 1.4: Electricity generation trends in UK [1P]

Figure 1.4 shows the gross electricity generatiothe UK which is the electricityneasured

at the outlet of the main transformers. The proportion of electricity in UK that was geatsd
from renewable sources was about 5% in 2007 tchr&8€6 in 2010 (in terms of the gross
electricity consumption) [11]. In Figure 1.5 the @amt of electricity that each fuel has
contributed to the UK can be observed.
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Figure 1.5: The UK electricity supply in 2008 in TW13]

Total electricity supplied in the UK in 2007 w&8 TWh which is equal to 1.36 EJ
(1.36x1G° J). In 2008 the quantity was expected to rise. @uhe total electricity supply,
31.4 TWhor 113.1 PJ (113.1x10J) or the 8.3% was produced using biomass and more
specifically in Table 1.6 [13]:

Table 1.6: Electricity generation from various basa sources in UK [13]

Electricity generation, source 2007 PJ
Landfill gas 64.22
Straw, SRC, and other plant based biomass 32.47
Poultry, litter, meat and bone and other farm| 9.32
waste

Sewage gas 7.1
TOTAL 113.1

3.6 PJ=1TWhor 3.6 MJ =1 kWh

Electricity in UK is produced mainly by gas, coaldanuclear means (45, 28 and 18%
respectively). The renewables are responsible famlyhe 7% of total electricity production

[14]

In 2009, 37% of renewable electricity was generatsthg onshore and offshore wind

technology. In the same year the biomass contahut electricity production was 22% (co-

firing and other biomass) but without including tlendfill gas (another 20%). The total

amount of electricity generated from renewable sesiwas 10 TWh in the year 2000, and
was increasing gradually ever since to reach 25 Twdial of 372 TWh) in the year 2009

[14].
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The electricity generated from renewable sources has beemgreimce the year 2000, in
which the renewables contributed to the 2.5% of the total elégtgenerated to reach about
7% in the year 2009 [14].

On the other hand the potential of certain biomass sources in UK is much higher [13]:

Table 1.7: Potential of various biomass sources in the UK [13]

Biomass sources TWh PJ
Fuel wood (forest) 13 46.8
Straw 14.5 52.2
Wood waste 26 93.6
Waste (municipal/industrial 15.5 55.8
Agricultural waste 10 36
Energy crops 17.2 61.92
TOTAL 96.2 346.32

The information above means thla¢ biomass potential is 3 times larger than the current

supplied biomass for electricity

1.2 Pellets in UK: History and today

Pellet production in the UK started in 2002 with the Wales biofuereeartd a production
capacity of 10,000 tonnes/y using wood. Similarly, another plant during the gaar,

Durham (Premier Waste) using waste wood was pelletising atatbeof 3.5 tonnes/hour.
Since then the production capacity have grown substantially: 25,000 ton2@85, 83,000
tonnes in 2006, 104,000 tonnes in 2007 and 218,000 tonnes in 2008 [15].

The amount of pellets produced in UK in the year 2010 was 138,000 tonnes twt of t
9,241,000 tonnes in the entire EU. Accordingly the pellet capacity inved<218,000 tonnes
while in EU was 14,845,000 tonnes. 499 pellet producers are recorded in EUth&adre

in the UK [16].

The pellet imports to the EU (from outside EU) in 2009 and 2010 were 1,771,000 and
2,523,000 tonnes respectively indicating a 70% increase. Similarlytémeal imports were
increased from 2,164,000 in 2009 to 3,445,000 tonnes in 2010 showing an increase of 63%
[16]. Similarly, in UK, the pellet imports from outside EU inased from 3,000 in 2009 to
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511,000 tonnes in 2010 (mainly from Canada and USA) while the importswvirthim the
EU slightly decreased from 42,000 in 2009 to 40,000 tonnes in 2010 [16].

The amount of pellets consumed in UK in the year 2010 was 176,000 tonnlesthettiotal
consumption in the EU was 9,187,000 tonnes [16].

In overall, the pellet production in the UK constitutes the 1.5% of tla Ed production,
while the consumption in UK constitutes the 1.9% of the total EU consumption [16].

Pellet prices are comparable with other fuels as we cam sksble 1.8. Especially for UK,
the wood pellet prices dropped from 13 €/GJ in 2007 to about 10.5 €/GJ onlydasic
again to 12 €/GJ (or 200 €/tonne) by the end of 2009. Furthermore pricedet$ e
domestic use are different than prices of pellets for industsal An example: The bulk
pellet price in Sweden is slightly more than 200 €/tonne. The peltes delivered in small
bags are slightly smaller, nearly 230 €/tonne. But the wood pé&etadustrial use is sold
for less than 150 €/tonne [17].

Table 1.8: Fuel prices between the years 2007-2009 [17]

Fuel Price (€/GJ)
Wood pellets 6-8
Coal 2-5
Ethanol 15-20
Gasoline 25-30
Crude oil 5-15
Diesel 10-20
Rapeseed oi 15-30

1.3 UK requirement to exploit renewables
The UK oil and gas reserves are declining at a rate of 5%npem at the best case scenario

decreasing from 3 million barrels of oil equivalent per day in 200&r@aand 1 million in

2028. Another scenario predicts less than 0.5 million barrels of oil equivalent in 2028 [18].
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Figure 1.6: Coal production and import trend in (18]

The indigenous coal production also shows a dedmd is shown in Figure 1.6. Similar
trends can be observed for the UK gas productioictwim 2005 was reaching more than 85
billion cubic metres per annum but it is expectedtop to about 20 billion cubic metres per
annum in 2020 [18]

1.4 Gasification: History and today

During the 18 century in the UK laws were passed in order ttrictghe use of forest trees
to the glass and iron manufacturers and produéersalternative fuel was required and this
was coal. Until then, wood was used (cooked) ineortb produce tar and pitch as a

protection layer for the ships. The tar was mastigorted from the American colonies [19].

Archibald Cochrane has experimented and inventedptiocess of destructive distillation
using coal. Cochrane observed ignited gases itahisfter an accident that was caused by
leaving the pressure to a kiln rise. He mentiomedé ignited vapours to James Watt at about
the same time (end of #&entury) when Watt hired a young person calledisivii Murdock
who came to Watt’s factory in Birmingham in 1799discuss with him a process to produce
gas. The Murdock’s apparatus was a metallic coetawith coal inside and covered at the
top, that was put on the fire to cook. The gaseswscaping from a tube at the top of the
container. Two gas burners were installed at thfg creating an odour that became known
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as the “Soho stink”. After that, gas lamps were installed ioteorc factory in Manchester
[19].

Many examples of that time show the confidence that gas prochaerns their “invention”

such as Frederick Albert Winsor who renamed his company @as and Coke Company in
1812 which made it possible to illuminate the major British citsgag gas within six years.
The implementation of the gas also had a social impact formgatmade the streets during
the night safer, increased the factory hours and thus increasgdrnrl production along

with many other impacts [19].

In the 19" century, town gas that was produced from the gasification of waalused for
heating and lighting. During the 2@entury, fuels and chemicals were able to be produced
using syngas. In 1902 Sabatier and Sanderens discovered the syithgdi®carbons from

the carbon monoxide hydrogenation by passing the syngas over Ni, Reoacakalysts.
During the same period, the steam methane reforming producing geydravas
commercialised. In 1910, the synthesis of ammonia was discovered by Haber eindr&wos
hydrogen and nitrogen, known as the Haber process, and 3 yearheaftiest commercial
plant for ammonia production was commissioned. In 1923 Fischer and Tropschechana
convert it into liquid hydrocarbons by passing syngas over iron ctalMany types of

hydrocarbons have since been discovered [20].

The scarcity of fuels during the Second World War provided an opportunity to disnaag
new syngas conversion processes, especially in Germany wieergasification process
flourished due to the need of an alternative fuel source. After tmethiéarapid growth of the
petroleum industry and the expensive, at the time, gas synthesisdetécline in the syngas
production. Many gas conversion processes were abandoned in order t@bed éplthe oll
processes. The few of them that continued to be produced using syagytse production of

methanol and ammonia.

One of the most successful Fischer-Tropsch processes in commseat&g during the cold
war, existed in South Africa where there was an abundance lafeseaves, and for political

reasons the coal gasification had boomed [20].

The oil crisis in the 1970s further increased the scepticismtbeenil dependence of many
industrial countries and led to an increase of utilization of varignhassis processes. Over
the years, the new regulations that were created for the eagadehealthier use of coal also
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helped to increase the interest over the gasification and the signginecesses. Since then,
significant amounts of research and development have been held intmmaimise the

gasification and synthesis process [20].

A number of gasification processes and technologies that weetoded during the 1970s

due to the oil crisis were abandoned and stopped during the 1980s due to the decline in the oil
prices, making oil more commercially attractive. In the 199@snatipere was an increase in
interest in gasification and synthesis technologies due to thaligaion of the electricity
markets that in its turn led to the requirement for cheap poweluption methods. Also, in

the 1990s and in the first decade of'2Entury the increasing need for renewables further
enhanced the interest in gasification but by the year 2005 the corahpojects remained

scarce [21].

While coal gas was mainly produced in entrained flow gasifiéospass had been gasified in
small scale downdraft and updraft applications since late 1980s anmthibpggof 1990s. In
recent years, downdraft process has become dominant due to the iproddich lower
amount of tars [21].

The use of biomass in the gasification process has grown ovéasthgears but still, the
largest thermal conversion method for biomass is combustion. Worldyitteskyear 2000,

the heat capacity of 200 Gy¥Was installed, using biomass, of which over 90% was based on
combustion. Gasification applications, on the other hand, reached 1.4GWthsemtbeyear
[21].

In the 1980s gasifiers were installed for heating applicationswaard used in the paper
industry and in cement kilns. In the 1990s the first Combined Heat andr RGOWE)
application appeared as well as the Integrated Gasification Cainkipele (IGCC) that
promised higher efficiencies and lower costs. By 1998, syngasiggddrom biomass was

co-fired with coal in certain power stations [21].

Lately there is a challenge to scale up gasification apigicasuch as IGCC. Disadvantages
of large plants are the high fuel transportation cost and the itgdd investment cost [21]

and thus higher efficiencies required in order to compensate for these disaglvantag
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Nevertheless gasification technologies today are extremelyigingrand are of significant
worldwide interest. In combination with the abundance of coal, theusupplbiomass wastes
such as agricultural residues, and the highly volatile prices pfyadification can play a

major role in the energy production market in the future.
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2 Aims and objectives

Aims

The aim of this PhD is to attain optimisation of pelleting psscby maximising the potential of
pellets for them to deliver maximum energy production in therroalersion processes with the
minimum energy dissipation. Also, to connect the processes ofigail@d and gasification that

might assist the standardization of pellets for industrial use.

Objectives
» To define the pelletisation parameters that affect the gagificatocess such as the feedstock

moisture content, the feedstock particle size and the die diameter;

* To combine these parameters in the pelleting process arullssed rape straw (OSRS) to

manufacture the pellets using these parameters;

* To determine the general quality of the pellets in terms bétpgensity, bulk density and
pellet durability;

 To utilise the OSRS pellets in order to produce gas and to exatmeneasification

performance of these pellets;

* To compare the performance of OSRS pellets with other typésonfass pellets and to

identify the reasons of their differences;
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3 Literature review

3.1 Biomass

3.1.1 Biomass types

Biomass means the biodegradable fraction of products, waste and rdsituegriculture
(including vegetal and animal substances), forestry and reiadestries, as well as the

biodegradable fraction of industrial and municipal waste [22].

3.1.2 Lignocellulosic biomass and structure

Biomass is a part of a system that is controlled by endugyand matter flux. The initial
energy provider to the system is the Sun through the solar radia#ibrstcaptured in the
process of photosynthesis by which plants capture light energy amsfarm it into the
energy of chemical bonds in carbohydrates such as glucose hardooganic compounds.
Photosynthesis combines two common organic compounds, carbon dioxigeaf@Qvater
(H20) to form glucose (64120s) with the release of oxygen. The stoichiometrical

photosynthesis reaction is:
6CQO; + 6HO — CgH1206 + 6O,

The rate of photosynthesis in general varies in relation to lighhsity, temperature and
availability of water and nutrients [23].

Young living plant cells such as those found in leaves and young atemsainly composed
of cellulose (Figure 3.1) which is a long chain of glucose moleowt@sh is contained

within the primary cell wall.
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Figure 3.1: Cellulose fraction [24]

The secondary cell wall is found in mature cellatthre no longer growing. Wood, for
example, is mainly composed of lignin (Figure 3.2ignin is one of the most important
structural compounds in nature [23]. Lignin wrapsouad cellulose, preventing
biodegradation. Therefore combustion and/or gagifo are suitable means of extracting the
energy from lignocellulosic matter [25].

Figure 3.2: Some structural units of lignin [24]

3.1.3 Bioenergy

Biomass provides about 13% of world's energy regoénts. The flux of dry matter of
biological material in biosphere is nearly 250%0" incorporating around 100x1@y™* of

carbon. The energy bound in photosynthesis is Zxa@. Of this, about 0.5% by weight is
biomass as crops for human food [26]. This, theeefoeans, that only a small fraction of

biomass is used for food while the rest could Hlus a different manner.

In the developed world, however, the proportioneaergy provided by biomass is much
lower than 13%. In UK 4.6% of electricity comesrfreenewable energy sources with about
the half of it provided by biomass. [27]. In the Uffomass provides 3% of the total energy
consumption [28].
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3.1.4 Agricultural residues, energy crops and wastes

The agricultural residues derived from food crops are the maiarobstopic of this project.

The two main bioenergy sources are the crops and the wastes. Crops involve normalwood f
burning, plants for fermenting to ethanol and various other crops of wéetts sre rich in

oils and also crops that are solely used for energy productiongthimambustion. Wastes
involve wood residues, food crop wastes such as straw, animal wasiagipal solid

wastes, commercial and industrial wastes.

There is currently a huge environmental debate regardinguiiairsable use of a forest,
however the world's forests have been significantly reducedngagsvironmental concern.
A solution, especially for the energy sector, is the ShorttRat&€oppice (SRC), which is
coppicing fast growing trees and then harvesting them. The eneoggr salso utilizes
agricultural crops which are non-woody energy crops such as Misearittad crops with
high capacity in energy such as sugarcane and maize and @tsotltat contain oily seeds

like sunflower and oilseed rape [29].

On the other hand, wood and forestry residues such as those from woodyjrfdost crop
residues like wheat straw or rice husks can all be consideraasiss. Wastes have the
advantage that they are seen as "surplus” and thus can be useerfyr production without
interrupting the food production [29]. Therefore, the use of wastes helmolve the
problems providing more sustainable methods of dealing with waste gndghel meet the
renewable energy targets.

3.1.5 Oilseed rape

Oilseed rape (OSR) is usually a tall, slightly bristly,nni@l plant. Basal leaves are usually
grey in colour, stalked and upper clasping the stem. The flowehe @iant are pale yellow
in colour. Furthermore, the buds of the plant slightly overtop the opererfloWwhe plant is

widely cultivated as it contains oil-rich seeds [30].

The seed typically contains 42% oil and the meal left aft@owing the oil is about 42%
crude protein [31]. The oil is usually used in food but it can also & inscertain industrial
processes as biofuel, lubricants, surfactants, surface coatingsnepslyand also in
pharmaceuticals [31, 32]. It is usually cultivated during two periods: the winteharsgpring
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period. Winter is the commonest period of cultivation which resultsgin yields producing
typically 3.7 t/ha of seed [31].

Advantages for growing oilseed rape straw are [33]:

The ease with which the crop grows

Suitability to a wide range of soil types

Tolerance to weather variations

Usefulness as a cleaning crop and good preparation for winter wheat

OSR is a “break-crop” meaning the fact that is a crop that helpaprove the yield of the
following cereal crop, mainly wheat [34]. OSR straw quantitiesK are about 1.5 tonnes /
hectare for about half a million hectares [35], while the seed ptiodun UK, in 2009, was

about 2 million tonnes [36]

The area used for oilseed rape is 581,000 hectares (Figure 3d@pgyi@4 tonnes/hectare,
with total production of 1.95 million tonnes. For comparison, wheat occupiemilli@n
hectares yielding 7 tonnes/ hectare with a total production of 14idnrinnes (2009) [36].
This means that, the area occupied by OSR is just 3 timeshsshe area occupied by
wheat (which is considered the most important arable crop). Anattegesting fact is that,
the entire area of UK is 24.4 million hectares, from which one can concludberatea used
for OSR production is 1/40 of the entire UK land [36]. The next tigureés (3.3 and 3.4)
show the total arable land in UK and the land occupied by oilseed rape, wheat enddner|
can see the increase of oilseed rape over the years althougiratile land itself has

decreased.
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C2a Major crops and set-aside: England
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Figure 3.3: Major crops [37]

Source: http://www.defra.gov.uk/evidence/statigtarsdfarm/enviro/observatory/indicators/c/c2_data.h

C2 Agricultural land use: England
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Figure 3.4: Agricultural land use [37]

Source: http://www.defra.gov.uk/evidence/statigtasdfarm/enviro/observatory/indicators/c/c2_data.h
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3.1.6 Miscanthus

Miscanthus is a £perennial crop that originally comes from Asia. It mainly cstssof
strong perennials and elongate-linear leaf blades and it is closegdredagugar cane [38]. In
Europe it was first reported in Denmark in the 1935, imported undeiathe Miscanthus x
giganteus [39]. Miscanthus was identified of having advantages that canitcbaghe plant

an ideal energy crop [40]:

* High yield

» Perennial crop

* High photosynthetic conversion efficiency
» Efficient use of nitrogen and water

+ Pest and disease resistant

Miscanthus is grown throughout the months of June and July. During the aamahwinter
nutrients from the plant are sent back to the rhizome. Miscantlussiadly harvested during
the winter or early the following spring. This pattern can beatgn for nearly 20 years
which is the life time of the plant. In UK it is common to usesddinthus for co-firing with

coal in power plants [41].

3.1.7 DDGS

Dried distillers grains with solubles (DDGS) is the unfermerig-product of the ethanol
production process [42]. The yield of the ethanol production process is abolitr&y @f
anhydrous ethanol per tonne of grains and 285 kg of DDGS [43]. As theohtbst ethanol
production plants function using natural gas, it was found that the DDStsvhigh yield
can be used to supply all or the required heat and electricibheiethanol plant. DDGS is
commonly used as feed for the cattle but it was found that it contains a cemaiofffat that

some species cannot tolerate [44].

30



3.2 Pelletisation and pellet properties

Biomass and, in this case, lignocelluloses can be utilized amsfdrened into solid, liquid
and gaseous fuels through various physical, chemical and biological conversiongzocess

3.2.1 Overview of pelletisation process

Biomass is generally difficult to handle, usually non-uniform and wikbw energy density,
therefore pelletisation appears desirable to allow easier am@ mconomic storage,
transportation and energy conversion characteristics [45]. Batleti is a method of
increasing the bulk density of biomass by applying mechanicabyre [46]. This method
can give multiple advantages in biomass; amount of dust is detreasergy density is
increased and fuel becomes uniform and thus allows easier andffrmeatecontrol during

combustion and gasification [47]. For example, bulk density of looae $8 approximately
40 kg m°. Pelletisation of straw would increase the bulk density to né&dykg n?® which

would make straw easier to handle, transport (Table 3.1) and feec iobmbustion or

gasification unit [46].

Table 3.1: Forms of straw packing [48]

High pressure

Chopped straw bales Big bales Pellets
Specific weight 50 80 - 100 100 300 - 500
in kg/n?
Storage space in
me60x13 kWh 370 200 245 41

3.2.2 Pelletisation methods — types of pelleting units

Pelletisation process consists of certain sub-processes suginding, drying, milling and

pelleting (Figure 3.5). The properties of these sub-processeefmed in terms of the end
use of the pellets. Initially, the pelletisation process wa®ldped for the livestock feed
industry but the utilization of pellets also expanded into the theroralersion systems such

as gasification or combustion.
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Figure 3.5: Pellet process

Physical and chemical characteristics of feedstietiermine to some extent, the process of
pelletisation. Wood chips, shavings and sawdustictwlall can be considered wooden
materials, are slightly different in these propstirom herbaceous biomass and agricultural
residues such as oil seed rape straw or wheat.sBavause of that, the pelleting process
properties are also slightly different [49]. Ma&#is moisture content, particle size, density,
fibre strength, lubricating characteristics andurat binders, have already been found that

affect the process of pelletisation [47].

3.2.3 Pre-treatment

Few of the properties mentioned above can be déedror can be affected by the feedstock
pre-treatment. In the pelletisation process, peattnent mainly consists of two different

processes; drying and grinding.

Drying is usually required to decrease the moistanetent of biomass which in many cases
exceeds an appropriate value for pelletisationyeen around 6-18% moisture content).

Milling is also required in order to transform tleedstock into a more uniform material. The
material after milling process consists of parschich are of equal size and similar
moisture content. This homogeneity makes the pellebre durable [49]. Furthermore,
milling brings size reduction which in turn leads &n increase in particle surface area

facilitating inter-particle bonding [50]. In genétae purpose of pre-treatment is to alter the
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feedstock in a fluidic manner where a low friction coefficientrisated between the internal
die surface and the fibre [47].

3.2.4 Pelleting and post-pelleting

Pelleting process is typically carried out in a conventional fmdle Loose biomass
feedstock is fed into the pelletiser where the presence @ andi the pressure of the rollers
upon the feedstock force it to pass through the die and form pé&lldistisers are usually
equipped with knives (or blades) which cut the pellets to theedkekngth. There are two
types of conventional pelletisers; flat die and ring die typeflat die pelletiser, the die
remains stationary while rollers rotate and compress the &®#gswhile in the ring die
pelletiser, is the die itself that rotates [49]. In any ceg®n the material passes through the
die holes, friction causes the die to heat up and the temperatwrasesrto around 75 — 85
°C. Then, lignin inside the material, starts flowing off the filirignin in this state has the
ability to bind the fibres [47]. Pelleting process results in cansirg a uniform fuel with
many times higher bulk density compared to the loose materipldAd so is attractive to
operators of biomass and energy processes.

Cooling is considered a very important part in the pelletisation gsodene typical pellet
temperature after leaving the pelletiser is around 889Cooling of the pellets makes them
hardening due to lignin stabilization especially on the surfatieeopellets [49]. The general
binding mechanism is described in section 3.2.5.

3.2.5 Binding mechanism

While pressure is not yet applied and particles are in a dissance between them and in a
confined space, they start to rearrange and thus form a mas#isatAtoint the feedstock
particle properties are still retained even though that erfeag\already been dissipated due
to interparticle and wall-particle friction. When high pressumes applied, particles are
compacted even further subsequently forcing them to undergo elasptaatid deformation
and thus the area of contact between the particles is indr§a@]. Plasticity of particles can
be also affected by the temperature and moisture content. Higluneocontent leads to an
increase of the interparticle space and thus more compressioly eéneligsipated. On the
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contrary, low moisture content increases the friction during tloeess affecting the
plasticity [51]. Theoretically the reduction in volume continues um@ pellet density

approaches the density of the particle.

In order to further investigate the binding mechanism, forces degtwhe particles and
various binding phenomena should be also mentioned, such as Van der Waaldolide

bridges, capillary pressure, or mechanical interlocking. Eleatiostnagnetic and Van der
Waal forces are the cause of an attraction force betweguattieles which depends on the
particle size and the interparticle distance. In addition, thepcesof a liquid such as water
enhances the binding of the particles due to the capillary peeasdrthe interfacial forces
[52].

Interfacial forces are in general connected with the individualement of small, in this

case, solid particles in the bulk of a phase [53].

During the binding process interlocking of the fibres also takasepivhen, due to the
pressure, the particles are wrapped and overlap each other; aspndgeh also assists the

binding process [52].

The binding mechanism is also enhanced by lignin. The addition of heat in biomass frces th
lignin to become softer initially and to exhibit thermosetting prige due to irreversible
cross-linking and curing. It was observed by van Dairal [54] that at the temperature of
around 148C, lignin shows an exotherm which basically denotes the irrélersross-
linking of the lignin polymer. That is the reason why pre-treatnshduld always be
performed below that temperature.

3.2.6 Effect of pelleting properties on the quality of pellets

White [55] showed a linear correlation between the Highetikrtp&/alue (HHV) and lignin
content of wood (extractive-free). As the lignin content incredlsesheating value also
increases. It was also observed that pellets had lowenyeatiue and higher ash content

compared to the feedstock because of the loss of volatiles during the drying @6égess |

There are many other reports that investigate on the effeduebf characteristics or
pelletisation properties to the pellet quality. Kaliyaral [57] reviewed the pellet durability.
Durability is the abrasive resistance of the pellets; additgyda oils into the feedstock,
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reduces the durability of the pellets. Fats and oils actlascants between particles and
between the particles and the die wall. Thus, friction is redaoedpressure is decreased
resulting in lower pellet durability. The quality of pellets couldr®eased by adding starch
and protein which could act as a binder. Briggsl [58], managed to increase the pellet
quality by increasing the protein content. Alternatively an iregea oil causes a decrease in
pellet quality; the upper oil limit was found to be 5.6% with a proteimtent of 20% [58].
Durability of pellets can decrease if not cooled down; streappsar between the inner
(warm) and the outer (cold) part of the pellet that can cawks{57]. Experiments and
modelling procedure in reed canary grass showed that moisturentcoviis the most

influential factor for bulk density and durability responses [59].

Durability also depends on the feedstock particle size. The sniadigarticle size is, the

greater the durability. Small particles are more susceptiblaoisture compared to large
particles. Large particle on the other hand are more susceptiltiacks and that causes
fracture of pellets [57]. Furthermore a study by Bridgerdaal [60] showed that the size
reduction process of biomass is not done in a uniform manner anddingtevas observed

partial separation between organic and inorganic matter in diffesige particles; larger

particles have higher carbon and volatile content that leads elgedntiecreased heating

value. A study by Lehtikangas [56] confirmed the correlation betweeabdity of pellets

and lignin content and furthermore showed that moisture had also a positive effect.

Moisture can act as a lubricant and as binder. Moisture incréasesontact area of the
particles and enhances the development of van der Waals for¢eddayding. Many other

studies showed that increasing moisture content up to point helpsease@ellet durability
[57]. A study by Sokhansanj [61] showed a correlation between bulk yemslt moisture

content. Bulk density correlates with moisture content; at low oreistontent grinded
alfalfa particles weighted less and at high moisture contenpdhntcles increased their
volume due to swelling [61]. Finally, a correlation was found betweastare content and
density. As moisture content increases, density decreases exalynéricause the volume

was increased during sorption of moisture [61].

Other studies showed that the larger the die length-to-diamatier is, the higher the
durability is. A decrease of die diameter up to a point can camsacrease in the shear

applied to feedstock affecting positively the durability of thdepg¢b7]. In addition, it was
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found that the pellet length had no influence on bulk density but pelletybasita positive
effect on bulk density [56].

However, a study by Obernberger [62] didn't observe a correlatiowebat abrasion
(durability) and particle density as well as a correlatiorwbeh abrasion and moisture
content. An explanation was that pellets were manufactured in atitfgslants, using
different pellet equipment; an indication that abrasion may alsendepn many different

parameters.

It can be seen from all the above that the pelleting parameters could play an imptatant
the pelleting process and the pellet quality. Some of the parameters amdféloein the

pelletisation process derived from the literature above can be seen in th&.2able

Table 3.2: Parameters and their effect in pelletisation process accarditegature

Parameter Effect Reference
Lignin _ Act as bir_1der. . [56]
Linear correlation with heating value. [55]
Oil act as lubricant. 57]
Oil reduces durability. 57]
Fats/oil — Starch/proteir Increased oil reduces quality [58]
Starch/protein act as binder — increased 58]
pellet quality
Act as lubricant and as binder. 57]
Durability — increases pellet durability by 57]
adding moisture up to a point.
Moi Bulk density — increasing moisture, bulk
oisture S )
density increases to a point and then [61]
decreases.
Density — increasing moisture, decreases [61]
particle density.
Durability — the smaller the particle size the [57]
Particle size greater _the durability. _
Larger particles-higher % of C and volatile-
increased heating value [60]
Die diameter Durability [57]
Pellets density Bulk density — positive effect [56]

The energy required to manufacture pellets plays an importanrtte energy balance of
the whole process. Sokhansanj [63] states that pelleting prampgsses more than 60% of
the total energy used in pelleting to overcome friction. This study abserved that

increasing the temperature of the pellet dies, densitydarability of pellets increase and at

the same time energy consumption is decreased.
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A review by Cheret al [49] for the Supergen Bioenergy project (2008) states that sisaa
fibrous material and with low lignin content will require high egyeinput (near 50 kWh/t) to

be pelletised compared to other non- fibrous material such as sawdust.

Regarding the economics, in general a small scale pelletwtanid be more expensive to
operate and that leads to an increase in pellet price due srdheg economics, cost of
personnel etc. Cheap pellets could be produced from a plant with degmloif 10 t/h or

more [64]. The major cost factors in the pelleting process argathhematerial and the

personnel while the dryer and pellet mill costs follow [64].

3.3 Thermal conversion processes

The thermal conversion of biomass requires consideration; the purposemék conversion
varies. Thermal conversion can be used for heat and/or electyaritgration and for the

production of synthetic fuels and chemicals.
The three main methods of thermal conversion are:

« Combustion
* Pyrolysis

+ Gasification

Pyrolysis is not going to be explored separately as a panisofeview; however it will be

mentioned as a part of other processes.

3.3.1 Combustion

Combustion of a fuel is simply the process of burning the fuel in thgepce of oxygen.
Combustion in general is a self-sustaining reaction of a fuel andx@ant such as a
hydrocarbon and oxygen that produces carbon dioxide, water and energy. Combésti

biomass can be expresses as the combustion of cellulose in the following reaction [24]:

(CGH1005)n +6nGQ — 6nCQG + 5nH,0
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Combustion process can be divided into four different stages [65]:

Heating and drying
Devolatilization (or pyrolysis)

Volatile combustion

A

Char combustion

Heating and drying

The process starts by the increasing heat that dries ouidimads so that the contained
moisture is released in the form of steam. Here, padizkeof the fuel can affect the heating
rate [66].

Devolatilisation

Devolatilisation, or pyrolysis, is the thermal decomposition of biemat a range of
gaseous species, tar and char. Thermal decomposition of biomassastaround 150 to
200°C at the surface of the fuel particle and results in the evolution of variousevolggnic

compounds [24]. Devolatilisation can be affected by various factors asidhe rate of
heating, the particle size, the type of the fuel and the yme$86]. Devolatilisation products

can be separated into three categories [67]:

» Light gases such as GCCO, H, H,O, CH,,
* Tars which are mainly heavy organic and inorganic moleculdsiform of gases or
liquids

* Char which is the solid residue that remains

Using Thermo-Gravimetric techniques, Raveendsiaal [68], visualized and recorded the

following devolatilization zones for the lignocellulosic material [68]:
Zone 1 [<106C]: Mainly moisture evolution

Zone 2 [100-25f%C]: Decomposition of extractives

Zone 3 [250-358C]: Mainly hemicellulose decomposition

Zone 4 [350-50%C]: Mainly cellulose and lignin decomposition

Zone 5 [>500C]: Mainly lignin decomposition
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Volatile combustion

In general, it is difficult to separate the devolatilisation andctirabustion of the volatiles
because the two processes overlap. The volatiles, combust in a diffusion flamaiarthea
between the unburned volatiles and the oxygen [66]. In more detail$fusiai flame
develops around the fuel particle, while the position of the flame depeends on the oxygen
diffusion rate to the flame and on the volatile release rate Té® lower oxygen diffusion
rate we have, the further the flame front is from the partictéace. Due to the fast burning
of volatiles, their combustion rate is usually defined by their releases@ite [

Char combustion

The remaining part of the fuel after devolatilisation is ther.c6har burns relatively slow
and its combustion starts after the combustion of the volatiles kgagh the two processes
often also overlap. In order for the char particle to combusgeaxjrom the bulk stream has
to reach the surface of the particle. Once the oxygen reachesuttace, it undergoes an
oxidation reaction with the carbon on the surface and CO andaf@roduced [66]. As the
char is porous, oxygen under favourable conditions, diffuses into them andesxibi&

carbon at the inner part of the char [66].

3.3.2 Gasification

Gasification is considered to be the conversion of carbonaceousntioetscombustible gas.
The gas consists of 6 major species and a humber of minor spe@esajdr species are:
CO, CQ, H, HO, CH, and N. The gasification process is initiated when combustion
products such as G@nd HO, in a low oxygen environment with elevated temperatures, are
reacting with char (it can be assumed that it is pure casoade it forms syngas (CO HH

By definition, therefore, gasification requires partial combustmrake place in order to

form combustion products and also to increase the temperature in the reactor.

During the partial combustion and devolatilisation (or flaming psgisl[69]), the material is
heated in a low oxygen environment and pyrolysis products (such as COlpraie
produced along with combustion products. The char produced during flamingspyr@iip)

and the higher temperatures in the reactor enact a seeeslathermic reactions that causes
the production of more CO and: ldnd also considerable amounts of methane [69, 70]. The
partial or complete oxidation reactions are [71]:

39



C+%Q—-CO  -111 MJkmol (a)
CO+%Q—CO, -283MJkmol (b)
Hy+% Q— H,O  -242 MJ/kmol  (c)

The combustion or partial combustion products are then reduced in a copnptess

involving char, high temperatures and gases:

C+CQG— 2CO +172 MJ/kmol  (Boudouard reaction) (d)
C+HO—-CO+H +131 MJ/kmol (water gas reaction) (e)
C+2H — CH, -75 MJ/kmol (methanation reaction)  (f)

As someone might observe, all the three last reactions, ar@dereous, but during the

reduction of the material also complex homogeneous reactions occur:

CO+HO—CO, + Hp -41 MJ/kmol (water gas shift reaction) (9)
CH;+H,O—- CO+3H +206 MJ/kmol (steam methane reforming reaction) (h)

3.3.3 Gasification systems

Gasification systems can be split into three distinct categjotpdraft, downdraft and
fluidised bed gasifier. In an updraft system, biomass is fed abphef the gasifier and air at
the bottom. The gas leaves the gasifier from the top and theoashhie bottom (Figure 3.6).
Advantages of the system are: the simplicity, high heat egghaapabilities, which lead to
high gasification efficiency and a low temperature of the gakeaexit. Furthermore, fuel
with high moisture content can be used (dry zone is at the top siriielquickly) and also
high char burning rate was observed. A disadvantage is the high quantity of tarscdyslpy
gases (heavy hydrocarbons) due to the fact that they do nohpasgght the combustion zone
[65].
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Figure 3.6: Updraft, downdraft and fluidised bedifieation system [50]

In a downdraft system, biomass is fed at the tap @ncan be also fed at the top or at the
sides of the gasifier. Gas and ash are leavingyéséier at the bottom. Advantages of the
system are: the relatively reduced quantity of &rshe end and the high conversion of
pyrolysis products. Disadvantages are: the largatijty of ash and dust particles because gas
has to pass through the combustion zone wherecleartare collected along with it; there is
no flexibility in terms of fuel use (4-20cm in sizend less than 25% of moisture content).
Furthermore, the efficiency of the system is lowadese of the high temperature of the gas at
the exit [65].

In a fluidised bed system, biomass is fed into spended bubbling fluidised bed. Air enters
at the bottom of the system and the gas leavdseaip. In the bed, biomass is mixed with
the sand quickly resulting in fast pyrolysis. Adteges of the system are: high heat exchange
capabilities and high reaction rates due to thensg mix at the bed, flexibility in fuel use
and low melting points because of low gasificatiemperature (750 — 900 in fluidised bed
and 1200C in fixed beds). Disadvantages are: high quastitietars and dust particles in the
gas stream, high gas temperatures (alkali metaigirein vapour state), complex operation

due to the need of continuous control of fuel aindicd].

Spouted bed is another category of gasifiers. $pbbeds are only different from fluidised
beds in the dynamic behaviour of the solid parsicléhe spouted fluidised bed, being a

combination of the two, is in general similar te ffuidised bed [72].
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3.3.4 General effects of reactor and process parameters

The gasification of char is a much slower process compared pytbigsis of char and thus

the char gasification plays a major role in the overall process efficiégBty [

Pressure

Pressure usually has a positive effect on the side of theoreadtich it occupies the least
amount of space, and thus the side of the reaction with the least nombeies. For
example, the right hand side of the methanation reaction is posiffetted by an increase
in the pressure and thus it can be observed an increase, cb@¢éntration in the syngas. On
the other hand, reactions such as the water gas shift reaatiorotaaffected by pressure
alterations because there is no volume change [74]. Furthermore, & dewdped by
Higmanet al [71] shows that a pressure increase, results in the deake&<e and H and

the increase of CHCQO, and HO. The model also shows that the gas heating value increases
due to the extra CHproduced. According to the Ullmann’'s Encyclopedia of Industrial
Chemistry [75], the Boudouard reaction and the water gas reaction {gcthogv a decrease
with an increasing pressure. On the other hand, the methanatioiormepaiducts are

increased with an increasing pressure.

Temperature

In general terms, an increase in the temperature, insrélaserate of the reactions. In the
range of low temperatures (about 1-70) the rate controlling step is the rate of the
chemical reaction (kinetic rate). In the range of mid teatpees (700-100C) the chemical
reaction rate is still high but is limited by the pore dikbms Finally in the range of high

temperatures (>1000) the overall rate is controlled by the surface diffusion rate [71, 74].

In general, high temperatures favour the products of the endotheseitons [75], whereas
high temperatures may have adverse effects. A high temperaay be responsible for the
melting or softening of the ash and this can cause the procesg 1o fitiid-bed and moving
bed gasifiers [71]. Furthermore, an increase at very high tetapesaincreases the oxygen
consumption, reduces the number of active sites during the pyrolysi® 4006C and
generally reduces the overall process efficiency [71, 74]. Acopitdi a model by Higmaet

al [71], an increase in temperature results in an increase aotieentration of CO and a
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decrease in the concentrations of £ZOH, and HO, whilst the concentration of JHstays
fairly constant. The model also shows an increase in tltee@and in the process. According
to Ullmann’s Encyclopedia of Industrial Chemistry [75] the Boudouasttien and the
water gas reaction products are favoured by an increase déripgerature in constant
pressure. However, the methanation reaction products are decregéisednwncreasing

temperature.

Other process control properties

The equivalence ratio (ER) is a very important parameter irg#isgication process and

describes the ratio of the actual air that was used in the prowes the stoichiometric

(theoretical) air. Generally speaking, if the ratio is 0.8<ER<or more, then the process is
combustion and if it is ER<0.5-0.6 the process can be described fasagasi Usually with

a very low ER (<0.25) the char is not fully converted, the productidaras increased and

the gas heating value is decreased. An increased ER (above Ql#) iregxcess complete

combustion products that also lead to a decreased gas heating Malge.the highest

conversion efficiencies lie in between [74]. Furthermore the begdeeature increases with

an increasing equivalence ratio due to the higher supply of oxygenhandohsequent

combustion that takes place [74].

The gasifying agent has a major role in the gasification psod¢esair blown gasifiers, the
Boudouard reaction is the dominant one and typically CO is highethbas. On the other
hand, in steam blown gasifiers the water-gas reaction becomdserttieant and thus a high

amount of H is observed in the syngas [74].

3.3.5 Thermal conversion of biomass and biomass pellets

In gasification processes, the composition of the resulting gasidiepa: the properties of
biomass, the gasifying agent and the process conditions. One of theproperties of
biomass that affect the composition of the gas is the moistumterd. The higher the
moisture content, the more gasifying agent is needed in ordeapormte this moisture. Gas
that is produced from high moisture content biomass contains highatitggsaof HO, H,
and N compared to gas produced from dryer biomass. In addition, if thiyiggsagent is
air then the gas may contain up to 60% ve[T0].
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Biomass ash content plays a role on the conversion, and also highesnéesht ¢eads to
lower net overall conversion efficiency [76]. Ash and carbon contéettdieating value, an
increase of 1% ash leads to a decrease of 0.2 MJ/kg, and an irafré@searbon yields an
increase in the heating value by 0.39 MJ/kg [77].

The size of pellet affects gasification rate, but very little the pgi®hate [78]. Generally, the
larger the pellet is, the slower the gasification, wherdgssmaller the pellet, the smaller the
relative volume decrease of char [78]. This is likely to be dukedlifferences, of the small
and large pellets, in bed porosity and species pore-diffuBemicle size also affects the heat
transfer rates in combustion: small particles burn faster tuae Iparticles [77]. A study,
using a fluidised bed combustor showed that high-density and smalisipass particles
favour combustion [79]. The smaller the fuel size the better tRimgnin the bed. The same
study indicates that burning rate depends on particle porosity;ghertthe particle porosity,
the higher the burning rate is [79].

An advantage of biomass is the high reactivity of fuel and charhwsiim fact, higher than
coal. This is due to the volatile content which is usually two aethimes higher than in

coals. In addition there is an increase of total gas yield with increasimggetature [80, 45].

As mentioned before, tar formation constitutes a significant prolmegasification. Previous
experiments in fluid bed steam gasification using calcineddione as a bed demonstrated
that an increase in gasification temperature from 650 t&C7E&ults in a 23-29% increase in
low heating value (LHV) and a 5.5-13% decrease in tar yield [81].

There are other disadvantages which are worth considering egirds to agricultural
residues in combustion and gasification processes. These residués aliaia metals such
as potassium and sodium that may react, during combustion, with iteetsilform alkali
silicates. This leads to the formation of ash with a low mglfpoint and in turn causes
sintering and slugging problems. Alkalis can also react with sulighgive alkali sulphates
on the heat transfer surfaces [77]. On the other hand, Di Blasitpt8s ghat alkali metals
can act as catalysts in gasification and combustion heterogemamti®ms speculating that
char reactivity is much more depended on the amount and compositionashth&ther than
the nature of the fuel [73].

Biomass ash can act as a catalyst for gasification reactionssstiah\aater gas shift reaction
[82, 83]. On the other hand, in a downdraft gasifier, high amounts of ashliuait the
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downdraft flow of the gas. In addition, the ash may sinter and fuse. The sintetivegash as
well as the melting point of the ash are mainly depended on theetatare. Tamman and
Huttig temperatures could indicate at which temperature therisigt will occur [84].
Nevertheless, Milegt al [85], pointed out that solely the investigation of the ash fusion
temperature cannot predict the behaviour of ash deposits and how thédfetaythe whole
process. Therefore, it is also important to investigate the behawfoeombination of
minerals inside the reactors themselves. Biomass contains hgmenof alkalis and other
elements and the combination of these minerals can cause diffe¥kaviours in the
gasification processes. For example, Bagted [86] reported that the melting point of silica
based deposits decrease from @@ 756C as potassium is introduced to form potassium
silicates. The introduction of additional alkalis or alkaline eamtiterials could lower the
melting point even further. Similar results can be found in teeature by other authors too;
Monti et al [87] indicated that ratios between K, Ca and Si should be taken ichardco
assess the biomass fuel quality and also that biomass fuels containing bigtisaai Ca and

Si, along with low amounts of K are better suited for conversionepses. Beckt al [88]
reported the reduction of gaseous phosphorous compounds with increasing ashdlents
Finally Steenariet al [89] showed that material with high sintering temperature did not
contain any KCI or KSO, and also showed that the material with low melting point contained

both the salts along with phosphates with a high K/Ca ratio.

Other parameters also affect the gasification process. igaof char is also depended on
temperature and residence time in the reactor. An increasmpetature and residence time
brings a decrease of the gasification and combustion reactivithaof[73]. In addition, a
study by Rheret al [90] states that char combustion time is positively correlaidd pellet
density. In addition the author speculates that the type of rawiahateght have greater
influence than the pellet density [90].

Regarding cost and energy efficiencies, Bridgwater [91] cstidutt the potential for biomass
relies only in the processing of low-cost wastes, however the aditinit consider the
potential of pellet manufacturing [91]. A study by Fahi@al [76] aimed to reveal efficiencies
and costs of equipment that are most appropriate for electpi@tuction and proposes a
system with high efficiency over a range of biomass ntdfuel is not pelletised however,
S0 no deductions can be made.
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3.4 Downdraft fixed bed gasification process

In the downdraft gasification process, the fuel is fed fromdpeahd the gasifying agent (air,
steam or carbon dioxide) is fed either from the top or the sidéseofasifier and travel
downwards and thus the name downdraft. The bed of the gasifier iy sted&l conditions
forms four distinctive layers; from the top: drying zone, devdation or flaming pyrolysis
zone, combustion or oxidation zone and finally the reduction or gasificatina at the
bottom of the reactor. Furthermore below the reduction zone tharayer of ash as a result

of the reactions that occur at the four distinctive layers above it [74].

In the first top zone the biomass is heated up and thus it isggdtied. The first zone also
acts as a heat insulator. Below the drying zone is the flapyiraysis zone which it receives
its heat through the third zone, which is combustion, by conduction andoadiatsmall
amount of air is used by the flaming pyrolysis zone which burnsfuelerich flame. The
flaming pyrolysis zone creates mostly the tars and vapourtharchar in the process which
they burn in the third zone, the oxidation zone, generating heat fqytbé/sis and the
following reduction or gasification reactions and also generating @gadlghar and ash and
very hot gases containing carbon dioxide and steam. These gadeaneaeduced into
carbon monoxide and hydrogen as they pass over the char, forming ttie Zone, the
reduction or gasification zone. Due to the endothermic nature of ttieoresathe temperature
falls in comparison to the temperature exhibited by the combustion Emtiewing the
endothermic reactions a layer of hot ash and unreacted clamsd at the bottom of the
reactor. In this layer a part of the unconverted tars is etaakd thus making the downdraft
gasification, the process with the lowest tar content in thetgaam in comparison to other
types of gasifiers [74].

3.5 Spouted fluidised bed gasification process

The spouted fluidised bed is a type of fluidising bed, which is usdtuidisation of coarser
particles compared to the common fluidising bed. There is a fliridn(dhis case) that is
injected through a single inlet at the centre bottom part dbelde If the velocity of the air is

high a hollow central core stream of particles rises rapilyhe bed until it breaks the
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surface of the bed. A fountain is then created o gurface of the bed that carries the
particles to the periphery of the bed around therakspout (see Figure 3.7). The particles at
the periphery of the bed (or annulus of the bealjdr slowly downwards and in some extent,
inwards. When the particles traveling downwards tntiee central spout, once again they are
injected upwards forming the fountain and backh® annulus to complete the cycle. This
cyclic pattern proved to have a great advantaglearcontrollability of coarse particles [92].

Figure 3.7: The formation of the spouted fluidieul

With the exception of the particle size (spout bed advantage using coarser particles over
the fluidising bed) and the geometry of the colurtitere are several other differences
between the two types of beds such as: 1) thewaifermity of temperature in a fluidising
bed but not in the spouted fluidising bed, 2) tkmlagradient of pressure is independent of
bed height in the case fluidising bed but not i ¢tase of spouted fluidising bed, 3) there is a
less ordered and more complex gas and particleomani fluidising bed but, on the other
hand, more orderly in spouted fluidised bed, 4ydhs a broad range of bed depths and
superficial velocities in fluidising bed but a lit@d range in the spouted fluidising bed [93].

There are other important differences between iBund and spouted fluidised bed. The
pressure drop in the fluidising bed becomes st@dwyn the minimum fluidisation velocity is

achieved [92]. On the other hand, the overall pnesslrop of the spouted fluidising bed is
reaching a peak and then decreasing after the mmispouting velocity is achieved [92]. In

addition, the minimum fluidising velocity is indep#ent of the depth of the bed but the
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minimum spouting velocity depends on the depth of the bed [92]. If thevejacity is

increased above the spouting velocity, which corresponds to the omaxiiad depth, then
either slugging or low quality fluidisation is observed [94]. Als@reaat advantage of the
spout bed, apart the efficient gas-solid contact, is the excetdédtsolid contact due to the

vigorous agitation of the bed [92].

Initially the spouted bed technology was used in order to dry sdegeparticles and other
solutions [95]. However in the early 1980s, the first publications adpeapouting bed
gasification using mainly coal as a fuel. Since then, the spoutingdjsing gasification
technique has been developed and studied for coal gasification; hovirevbiprinass spout

bed gasification was not studied thoroughly.

3.6 Chapter summary

As has been discussed in this chapter, further research is retyuifgitiy understand the
biomass and more specifically, the biomass pellet gasificati@nspouted fluidising bed as
well as in a downdraft gasification process. Due to the fact pedlets that were
manufactured using oilseed rape straw haven't been used thorongklsearch and due to
the fact that oilseed rape is an important plant in British algmie, it is clearly an excellent

candidate for this purpose.

The physical and chemical characteristics of the pelletatdithe gasification process. The
physical characteristics of the pellets and the pellet quality are affelsted by the pelleting
process. Thus, it is important to connect the two processes efigslbn and gasification
since no research study, to the author's knowledge, has investigateffiettieof the initial
pelleting parameters on the gasification process, this wouldftiierbe the main subject of

this project.

In addition to this the pelleting parameters have an enormous efffébe pelleting process,
which is not discussed elsewhere in the literature; the panaei®y correlate with the
pellet quality, which is not discussed thoroughly in the literatunmeallly, the chemical
characteristics of oilseed rape straw pellets require thorough inviEstigahce there is a gap
in the knowledge, which could be accomplished by comparing them with biheass

pellets.
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4 Experimental procedure

4.1 Pelleting parameters

The aim of this thesis as outline in Chapter 2 is to studyetfext of various pelleting
parameters in the gasification process. The experimental prededitomposed of a series of
tests of pellets gasification. The main part of the procedubheigasification of oilseed rape
straw pellets and the effect of pelleting manufacturing prigsei the gasification process.
Additionally the comparison of the OSR straw pellets with E-Oiscisinithus pellets and
dried distillers grains with solubles (DDGS) is explored.

Three different pelleting properties are defining the spectrutheobilseed rape straw pellet
experiments. The properties were: the feedstock moisture cortenpatticle size (or the
screen size) and the die diameter. The properties and thetioregiare shown in Table 4.1.
Eight different pellet variations were produced out of the combinatibrproperties

mentioned before and these pellets are tested in two differehspdle gasification units in
order to investigate on the viability of these pellets in termgh@foutput gas quality and

process stability.

Pelleting process is characterised by altering three eliffeproperties at their lowest and

highest possible values.

Table 4.1: The pelleting properties used in experiments
Quantities

Low/Small High/Large
Moisture content 5-8 % wt 14-17% wt

Particle size 3mm 6mm

Pellet diameter 5mm 18mm

The three different pelletisation properties along with the uséwof types of gasifiers
constitute a group of 16 different pelletisation and gasificatigemxents which are shown
in Table 4.2.

49



Table 4.2: The 16 different pelletisation processes and the type of gasifler use

Pellet Moisture Particle Size _Pellet .
Content (% Diameter Gasifier type
type (mm)
wg) (mm)

1 5-8 3 5 Fluidized bed
2 5-8 6 5 Fluidized bed
3 14-17 3 5 Fluidized bed
4 14-17 6 5 Fluidized bed
5 5-8 3 18 Fluidized bed
6 5-8 6 18 Fluidized bed
7 14-17 3 18 Fluidized bed
8 14-17 6 18 Fluidized bed
1 5-8 3 5 Downdraft
2 5-8 6 5 Downdraft
3 14-17 3 5 Downdraft
4 14-17 6 5 Downdraft
5 5-8 3 18 Downdraft
6 5-8 6 18 Downdraft
7 14-17 3 18 Downdraft
8 14-17 6 18 Downdraft

Pellet unit

In Cranfield University there is a 12 kW pellet mill, asserdlidg “Farm Feed Systems Ltd”,
capable of producing pellets at a rate of 80 kg/hour, a schematiows in Figure 4.1. The
pellet mill is ring type die (die rotates and rollers rensationary) and contains two rollers.
The feedstock is delivered in bales, and is initially shreddedyusicommon gardener
shredder to produce loose straw at approximately 5-10 cm in size. Loose strawfed to a

hammer mill in order to decrease the size of the material fa¢her. The decrease of the

size of the material is determined by the size of screen that is inside theehanil.

Material is then fed into the tank through a screw conveyor. Fudtiven the material passes

through two feeding augers where water or vegetable oil caddssl abefore entering into
the pellet mill and pellet die.

50



~N

(-

/ v Fine
straw — Pel!ﬁt
mi
10088 Screw tank
straw conveyor
/  NAAANAN/
Feeding % ﬁ\/\/\/\/
hopper | | | >
. Pellet
/ L die
— | Mill — \
- / -
w— Water Pellets

:EQ} and oil
Binder ‘ ) tanks

feeder

Figure 4.1: The pelleting unit

Cranfield’s pelletiser was not used to manufactheeoilseed rape straw pellets as, a series of
design-related issues were identified that randedhitie behaviour of the pelletiser. The
design limitations that were identified involve tle@ding of the hammer mill, the transfer of
the meal through to the main screw conveyor; tisé séthe conveyors (blockages) and the
feeding of the pellet die. For this reason, thelegpelwere manufactured by Alchemy
technologies, a company in Wales. Recommendatioaspeovided in the results and

discussion of the thesis.

Pellet quality
The quality of pellets is determined in terms a thiteria shown below:

-Durability
-Mean pellet density
-Bulk density

Durability is a measure of the wearing of the gsll@’he higher the durability, the lesser
fines are likely to be formed during handling amdjasifying. Heating value is the amount of
heat that can be released once the pellet is cdethuseasured in kJ/kg of pellets (or
MJ/kg). Pellet density and bulk density are paramsetthat affect handling and also

gasification process.
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The durability of the pellets was measured by placing 500 geadipsllets into a container.

The container was physically agitated 200 times and thus fiees fermed. The material

was then sieved in a 5mm sieve and the weight of the pelletswasured again. The

method was successfully correlated with the standard methodsasunng pellet durability

using three different cases with a small error (< 1.5%). The durability caaidutated as:
weight

Durability = ——~ 2" %100
y Waght before (1)

The bulk density of pellets was measured by placing the pétiet 0.021hpot which later

was weighed.

By measuring the mass and length of each one of the pellets agdhesidiameter of pellets
the individual density of pellets was calculated. The mean pidlesity was calculated by

measuring the individual density of 15 samples and taking the mean value.

4.2 Downdraft gasification rig and process

The experimental procedure comprises a series of gasificatiompelgtdaken in a pilot scale
75 kWi, downdraft gasification unit. A layout of the gasification rig is show Figure 4.2.
The key components of the gasification rig are the main reabt®rcdoling system, and
finally the flare. The main reactor has a height of 2 m frobentop of hopper to the grate.
Inside the main reactor there is a cylindrical refractom &iheight of 65cm above the grate
and diameter of 24 cm. The pellets are fed in at the top of tbreand they form a bed just
above the grate as shown in Figure 4.2. The air (and/or Nitroge:s ¢hé reactor through
four inlets, which can function independently thus allowing better coafrtie amount of
air to be supplied and also the location in the bed where thesaipdied. The bed is fired
using an igniter that is located just above the grate.
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Figure 4.2: The pilot scale gasification unit

At steady state conditions, the bed forms thregndisve layers:
1. A biomass feed layer at the top of the bed, whish acts as an insulator,
2. A flaming pyrolysis zone where the material is datibsed and also partially combusted and

3. Areduction zone where all the heterogeneous gatifin reactions are taking place

As the material is dissipated, bed residues (ashirgart char), are accumulate at the lower
part of the bed. Eventually the gas is formed, ipgsthrough a cooling system comprised of
two coolers for the removal/condensing of tars. Dstneam, a part of the gas enters a
sampling line connected to two gas analysers. G, d0d CH are measured by an IR gas
analyser (Siemens Ultramat 2) and I8 measured by a thermal conductivity analyser
(Siemens Calomat 2). The bulk of the gas is thendd safely at the flare before expulsion
to the external environment. The temperature isita@d throughout the entire rig using
type-K thermocouples.
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4.3 Spouted fluidising bed gasification rig and press

The second series of tests were carried out ino&gtale spouted fluidised bed gasification
unit (Figure 4.3). The gasifier is based on a spadluidised bed and can reach a thermal
capacity of 50 kW, The bed material is silica sand (specificationthe end of Chapter) and
the available gasifying agent is a combinationiobad/or nitrogen. Air and nitrogen can be
separately controlled and the mixtures vary depenain the test. Biomass pellets are fed
from the top of the gasifier through a screw fegdigstem (feeding range: ~700 gr/h - ~22
kg/h) and air enters the unit from the bottom pRellets are intensely mixed in the bed with
the sand, increasing the heat transfer capabilifiee product gas exits the main part of the
gasifier at the top and passes through a cyclonbetaleaned of particulates and tars.
Furthermore, depending on the configuration, thergate is diverted in order for the gas to
pass through a cooling system where the gas tetaperdrops considerably (95-120) so
that it can be cleaned of tars and vapours. Afahend part of the unit, the gas is burned by
a flame of natural gas and air (flare). Efforts evemade for the operational conditions to be

the same or closely similar in all experiments.
Flue gas
A

Series of
cyclones

Pellets »ﬁ_ Bypass Z Flare
-+ —

»
— ——

Gas
Gas

Freeboard

o T ¥
Spout v Tar

bed ' collection
system

1

v
Ash Ash
Air

Figure 4.3: The spouted fluidised bed gasificatiart

The temperature is recorded at regular (2 seciviale using thermocouples attached to the

rig and the gas composition is analysed by theagaysers as described in section 4.2.
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The amount of sand that is fed to the spouted ifiadtl bed gasifier before the initiation of
any experiment, weights 6.6 kg in total. The 2.50kq of the 6.6 kg are dropped below the

spout inlet and thus the real weight of the betiésrest above the spout inlet as we can see in
Figure 4.4.

12¢m .-
T~ 3.36 kg of sand

Scm ~—
™~ 0.74kgofsand

T
Figure 4.4: The spout dimensions and packed béaksdb@fore a test

The ash is collected in both rigs and was analys#ag the Scanning Electron Microscope

(Philips, XL30 ESEM) — Energy Dispersive X-ray spescopy (Oxford Instruments, Swift-

ED) technique (SEM-EDX). The ash from the downdraftwas collected from the ash pot

below the grate although analysis was also perfdrorethe agglomerated ash that is found

on the grate. The ash from the spout bed rig wlsated by sieving the bed material in a
45um screen.
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4.4 Analysis-calculations

Ultimate, proximate and ash analysis

The Ultimate and Proximate analysis of all the pellets usélde gasification tests are shown
in Table 4.3 and 4.5. The OSR straw pellets made by Alchemy tegm®lkre characterized

by high content of carbon but low content of fixed carbon. The ash analysis is shoviakein Ta

4.4

Table 4.3: Ultimate and Proximate analysis of all fuels used in the pragecdqeived basis)

OSR OSR
Test DDGS . . E-On straw straw
ethod pellets Miscanthus pellets pel_lets
pellets (low (high
moisture) moisture)
(13554'\10/;1)5 C (%) 4418  44.59 56 53.1
(1:5E4N0/1TZ)S H (%) 5.9 5.12 4.3 3.9
15409 N (%) 4.94 04 0.5 0.5
By O (%) 32.95 36.89 21 23.2
difference
(13554'\10/;4)5 S (%) 0.52 0.01 0.25 0.25
(135E4N0/gs)5 Cl (%) 0.18 0.01 0.5 0.5
CEN/TS Moisture content
EP %) 7.4 10.18 8.8 10.2
SN Ash (%) 3.9 2.8 8.6 8.3
(1:5E4N1g8)8 Volatile matter (%)  73.2 71.1 71.2 75.3
Calculation Fixed carbon (%) 15.5 15.9 11.4 6.2
CONE  HHV(MIkg) 186 1838 191 193
SO LHV(MIkg) 172 175 17.8 18

(1) Reproducibility SD: 0.43-5.12%wt
(2) Reproducibility SD: 0.04-1.2%wt

(3) Reproducibility SD: 0.02-0.2%wt

(4) Reproducibility SD: 0.013-0.181%wt
(5) Reproducibility SD: 0.024-0.181%wt
(6) Reproducibility SD: 0.22-0.47%wt
(7) Reproducibility SD: 0.33-3.15%wt
(8) Reproducibility SD: 1.82-4.65%wt
(9) Reproducibility SD: 0.19-1.57 MJ/kg
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Table 4.4: Ash analysis

E-On OSR straw OSR straw

Test Method DDGS Miscanthus pellets pel_lets
pellets (low (high
pellets : .

moisture) moisture)

Acid digest-ICP Silica 1.01 31.58 39.7 42.1
Acid digest-IC®  Aluminium oxide  0.05 3.78 15.5 14.2

Acid digest-ICP  Magnesium oxide  9.23 2.95 4.3 6
Acid digest-IC®)  Calcium oxide 4.82 25.91 5.1 4.4
Acid digest-IC®  Sodium oxide 4.34 1.14 5.5 5.8
Acid digest-IC®)  Potassium oxide  28.45 9.01 7.2 6.9
Acid digest-ICP’ Phosphorus 45.8 5.56 0.1 0.2

Acid digest-ICP Iron oxide 0.12 1.09 9.3 8.2
Elem. Anal. Carbon 3.32 9.7 7.1 6.8

(1) Reproducibility SD: 490-23,582 mg/kg
(2) Reproducibility SD: 132-21,219 mg/kg
(3) Reproducibility SD: 81-1,932 mg/kg
(4) Reproducibility SD: 548-33,656 mg/kg
(5) Reproducibility SD: 101-1,686 mg/kg
(6) Reproducibility SD: 165-2,260 mg/kg
(7) Reproducibility SD: 50-1,716 mg/kg
(8) Reproducibility SD: 634-48,077 mg/kg

Table 4.5: Analysis of the oilseed rape straw (as-received basis)

Oilseed rape
straw
C (%) 40.81
H (%) 4.27
N (%) 0.42
O (%) 36.5
S (%) 0.24
Cl (%) 0.26
Moisture content 134
(%)
Ash (%) 4.4
Volatile matter (%) 66.7
Fixed carbon (%) 15.5
HHV (MJ/kg) 16.2
LHV (MJ/kQ) 15
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Cellulose, hemicellulose and lignin content

The lignin content acts as a binder during the pelletisation proddss cellulose,

hemicellulose and lignin content of the oilseed rape straw weeendeed. The analysis of
the material was done in Aberystwyth University. The vabfescid detergent fibre (ADF),
neutral detergent fibre (NDF) and acid detergent lignin (Alde)e determined out of which

cellulose, hemicellulose and lignin content can be calculated:
Hemicellulose = NDF — ADF

Cellulose = ADF — ADL

Lignin = ADL

Table 4.6: Analysis and determination cellulose, hemicellulose,
lignin for Oilseed rape straw
Neutral Detergent fibre (%) 78.04
Acid Detergent Fibre (%) 63.97
Acid Detergent Lignin (%) | 11.16

Cellulose content (%) 52.81
Hemicellulose content (%)  14.0J
Lignin content (%) 11.16

(Note) Error: accuracy of equipment and measuresnent
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Viability assessment

At the final stage viability is assessed through the parameters shown below

Gas composition

- Gasyield

- Gas Higher Heating Value

- Cold gas efficiency

- Carbon conversion efficiency
- CO/CO;ratio

- Mass Conversion Factor

- Specific energy rate

- Gasification rate

A product gas that would be assessed as good quality gas, is theabmeuld have high
yield (especially high yield of CO +4+ CH,), the higher possible HHV (cannot be that high
in air gasification, around 4+0.5 MJ7ror higher would be considered good), high cold gas
efficiency (usually higher than 30-40%, indicating not only that ghlets were of high
quality, but also that the entire gasification process it wa® dignthe highest standards
possible), and high carbon conversion efficiency, usually higher th&9%0- that would
point out the dissipation of carbon through the gasification process drahgformation into

a combustible gas. In addition, good gas quality would require the @Q#&flo to be higher
than unity (indicating good conversion of €@ CO which means good efficiency of the
Boudouard reaction) and the highest possible mass conversion factaar (tngn 0.5 would
be considered as good quality). Specific energy rate and gasificate both can be used to
compare tests in gasifiers with different dimensions. The mettaidmas used to calculate
these parameters and explain them is the nitrogen balanceqUdteoas of the methodology
are derived from the literature [96-100]. The nitrogen balance prodheofequations is
written by the author.
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The nitrogen balance

The mass balance in the gasification process can be achiewgplying the method of the
nitrogen balance. The basic idea is that the amount of nitrogka indut would be the same
as the nitrogen in the output. The nitrogen balance equations shomeboxes are used in
order to quantify the syngas output. The results of these equationsearéater to complete

the mass balance and the analysis of the gas.
ni: moles of species

MW;: molar weight of species

nfi: molar (or volume) fraction of species

mfi: mass fraction of species

We have in the output of the gas stream (syngas):
rnN 2_ output rm:NZ_output [ rnGAS

f _ nN2_output _ MWN2 f _ MWN2
n N2_output — - =nNn N2_output — =
Neas M M
MWGAS MWGAS
poTTTTT T T T T T T T T T
! 1
! 1
— f _ ranZ_output UMWaas :imf - nf MW,
N2_output — TN 2_output T TN 2_output !
MWNz ' MWGAS E
1 1

Using the equation above, is possible to calculate the maswirradtany species in the

syngas provided that the molar fraction of the species is known.

During the gasification process, the nitrogen in the air (oraglaltional) does not participate
in the conversion reactions, and thus, the amount of the nitrogen in Ig@tju@ amount of

the nitrogen out.

nN 2_input — nN 2_output

So one can write:

— r-]N 2_output __ nN 2_input

nf N2_output — -
nGAS nGAS
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And thus:
m

N 2_input
f _ r]N 2_input __ MWN2 f _ mN 2_input DMWGAS
n N2 output — - =N N2 output — MW
Neas % Meas N2
MWGAS
_ rT‘N 2_input DMWGAS
= Mess = OMW
n N 2_ output N2
My owow © MW
But from the latter proofnfy, opw = — = " and thus continue as:
- MW,
_ mN 2_input [ IleGAS | _ rnN 2_input i
Meas = mf OMW :% Meas = mf i
N 2_ output GAS DMWNZ ! N 2_ output i

MW, s

Using the equation above, is possible to calculate the total méiss syngas provided that

we have already calculated the mass fraction of nitrogen in the syngas.

The molar weight of the syngas can be calculated as the samoleffractions of species

multiplied the molecular weight of the according species:

2
5

I

M=

=
O
<
=

Using the nitrogen balance the total mass of the syngasags flow rate) and the nitrogen
in the syngas was calculated. The same rule can be appliedréstioé the syngas species to

calculate their masses too.

5 nf. * MW, i
| =mf. [ ' L !
e g
For example:
_ Nfeo LMW,
o D AS
I\/IWGAS
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Carbon balance

The total carbon in the syngas can be calculated as:

rnC output = MWC D mco + rnC02 + rnCH4
~oup MW, MW, MW,

Cco

The amount of carbon in the syngas that was derived only by the fuel is:

=m

mC _output _ fuel C _ output - mC _injected

Using the above equation the Carbon Gas Yield Factor or Carbon ConViefsumency,
CCE, (different names in different sources for the same )tluiaug be calculate which is the
amount of carbon in the gas, that was only derived from the fuel tioenitial amount of

carbon in the fuel:

rnC _output _ fuel

Carbonconversiorefficiency =
_ fud

The mass of the injected carbon could be derived from the injectionof CO

Oxygen balance

The total oxygen in the syngas can be calculated as:

[me
rnO output = MWO D % > + mC02
2= 2 MW, MW,

The amount of oxygen in the syngas that was derived only by the fuel is:

mOZ_output_ fuel = mo2 _output - (moz_air + moz_injected )

Similar as before the oxygen gas yield factor which is theusmt of oxygen in the syngas

that was derived only by the fuel over the total oxygen in the fuel, can be calculated as
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O CE _ I’noz_outpu'[_ fuel
rnO _ fuel + rT‘O _ fuel _water
2 2

The mass of the injected,@ould be derived from injection of G@r steam. The mass of
oxygen in the fuel can be taken from the Ultimate analysiseofudl and the mass of oxygen

in the fuel water can be derived from the Proximate analysis.

Hydrogen balance

The total hydrogen in the syngas can be calculated as:

m,

m 2%
=MW, ] v, 2 Mo,
* MW, MW,

5 _output

The amount of hydrogen in the syngas that was derived only by the fuel is:

m =m

H, _output _ fuel —m

H, _ output H, _injected

And the hydrogen gas yield factor, which is the amount of hydrogdreisyngas that was

derived only by the fuel, over the hydrogen in the fuel:

|IIH output _ fuel
HCE = b
H,_fuel T IIIHz_fuel_water

So, now the mass conversion factor can be calculated which is thmaswof fuel that was

converted into gas over the amount of fuel that can be converted

rnC _output _ fuel + rnO2 _output _ fuel + rnH , _output _ fuel

rnC_fuel + r.noz_fuel + mHz_fuel + r.noz_fuel _ water + mHz_fuel _ water

massonversiorfactor=

The thermal conversion efficiency can be also calculated wisich ratio between the
chemical enthalpy of the fuel and feedstock and can give infammabout the efficiency of

the conversion from solid to gas:
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thermalconversiorefficiency = Meas DLHVas
M,y OLHV, 4

Where LHYV is the lower heating value in MJ/kg

Since the mas have been already calculated it is possible to calculateothene flow of the
gas @as. Once this is done the gas yield is calculated which is the vadfisyengas over the

total mass of the fuel (including the ash).

Yield — Qvolumetric

GAS —
mfuel

where Qs is the volumetric flowrate in frh

The higher heating value of the gas (in M¥)/oan be calculated using the following

equation:

_ 12750H, + 12630CO + 39820CH,,
HHV, s = Lo

where, the species in these equations denote vuignpercentages (the results that are
obtained by the gas analysers).

In order to validate the calculations, two equai@an be used to calculate the cold gas
efficiency (same as the thermal conversion efficy@rand a second method for the carbon
conversion efficiency (same as the carbon gas faelitr)

Yieldg,s OHHV g
HHV 4

CGE =

12C Yield,s L(CO+CO, +CH,)
22.40C

CCE = (100

where, C is the carbon content in the fuel
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A comparison between different gasification rigaildobe made using the two following
equations. The specific energy rate (M3m is a measure of the production of energy
within the cross section of a gasifier and the fgagion rate (kg/rfth) is a measure of the
amount of gas that was produced within the crossoseof a gasifier.

Qvol umetric D H HVGAS
A

SpecificEnergyRate=

rnC _output _ fuel + m02 _output _ fuel + rnH 5 _output _ fuel

A

Gasificaton Rate=

Minimum spouting velocity

Before starting with the tests in the spoutingdibed, the minimum spouting velocity needs
to be identified. In order to do that, certain spnoperties should be known (Table 4.7). The
sand that is used in the spout bed is a “Garsidd018ellow” and the major chemical
elements that it is composed of are shown in TéldeThe sand belongs to the groups B and
D of the Geldart classification (particle charaidation according to their fluidization
behaviour) [101] which mean that it is appropri@atefluid and spout beds.

Table 4.7: Sand properties

Particle surface diameter (mm) 0.5

Specific gravity (g/cn) 2.65

Uncompacted bulk density 1.56

(g/cnt)

Shape Sub-angular to
rounded

Table 4.8: Chemical analysis of sand; Major element

ELEMENT | %
Silica 98.29
Alumina 0.31
Titania 0.02
Iron 1.29
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Figure 4.5: The Geldart classification [6]

The minimum spouting velocity was calculated usthg Mathur and Gishler correlation
[92]:

7 %

0 20g OH

d pparticle _pair

Ioair

particle spout

dbed dbed

Where, daricie IS the diameter of the particle,eglis the diameter of the bedsgl:is the inner
diameter of the spout air inlet, g is the gravitaél acceleration, H is the height of the bed,
pparticle @Ndpair are the densities of the particle and the aireessypely (in STP).

4.5 Accuracy and error

Ultramat 2

The basic functioning principle of Ultramat is thmlecule absorption of bands of infra-red
(IR) radiation which is specific for every diffeetype of molecule. The IR radiation is
emitted from a source and passes through a sarhplaber into which the gas is flowing.
The sample chamber holds three layers of energctes out which the first one absorbs

energy form the centre of the sample and the dtherabsorb energy from the periphery of
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the sample. Thus, the gas concentration is cakmlildthe Ultramat 2 is used to calculate the
CO, CQ and CH. The error is less than 1% of the full scale value

Calomat 2

The calomat is a thermal conductivity gas analy$ée basic functioning principle is the

different thermal conductivity of the gases. Thalgser operates by using a silica chip of
which the measuring diaphragm contains thin filmigirs. The resistors are regulated at
constant temperature. The gas concentration iulesdd by using the magnitude of an
electric current value that depends on the samgwe The error in this analyser could reach
the maximum of 5% and it is mainly due to the iefiae of interfering gases.

Pico thermocouples

The main operating principle of the thermocoupgethat the voltage that is generated in the
junction between two metals is a function of terapgne. The type K thermocouple produces
a voltage which changes by 403®/with a resolution of 1/4C€. A well-functioning
thermocouple has very small error and high accucfd}3%x0.5C (or 0.00158C per 0.5C
error or +1.2C at 806C).

Rotameters

The rotameter is a type of flowmeter and its fumttis based on the variable area principle
which consists of 3 basic parts. These parts aréfarmly tapered tube, a floating object and
the measuring scale. The rotameter is usually glaeetically with the smaller diameter of
the tube at the bottom which acts as the inlet. fidaging object is inside the tube and has a
diameter equal to the inlet of the tube. The pagssima gas causes the object to float and the
higher the float is, the more gas is passing thnaheg tube due to the increased diameter of
the tube. The accuracy of the rotameter is maielyeddent on the accurate calibration in
terms of pressure, temperature and flow contraoAd rotameter has an error no larger than
2% (assuming that the fluid pressure, temperatior@egnain constant). A typical rotameter
does not have an error larger than 5%.

Spout-bed screw feeding system

The major errors from the screw feeder are therghsenal errors in combination with the
bulk errors. The screw feeder at each differerttrgptequires a specific amount of time to
complete a complete revolution. The timings wereasneed and the connection of these
timings with the kgs was established. The SD ferttimings was also calculated and thus an
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error can be calculated in kg for the input biomiaesl. The error for the feeding system is
reported as SD in kg and can be found in the tadflése following chapters.

Downdraft feeding technique

The downdraft gasifier is fed from the top in basland thus every so often the lid at the top
of the gasifier was open in order to feed. Dueht liatch like process, the feeding depends
on the type of pellet and the air injected into glasifier due to the different consumption rate

at different air flows for different type of pelietThus it is safe to assume that a part of the
feeding’s technique error would be the error ofritameters (less than 5%). Another part of
the error would be the calculative error whichiffi@llt to calculate for the OSRS due to the

lack of adequate number of repeat tests usingaimpibcess parameters.

Pellet density, bulk density, durability, pellet length

The error for the pellet density was also calculaiéhe SD was taken using 15 samples and
this error could be observed in the graphs conogrpellet density that can be found in the
following chapters. No error was calculated forkbdénsity and durability. The error for the
pellet length was calculated using the standardhtlen for 40 samples.
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5 The pelleting process

In this chapter the effect of the pelleting processthe quality of pellets is going to be
presented and discussed. Initially data concerthiegquality of the pelleting process itself
are shown such as the current used by the milltleademperature of the die. Secondly the
latter data are related with the quality of thelgielas presented in Chapter 4. In turn, the
quality data are related with the gasification ppsscto deduct which parameters mostly affect

the gasification process.

5.1 Pelleting process results

The following tests were conducted by Alchemy Texdtbgies Limited as instructed by the
author. The report that was sent includes graphiseoélectric current (measured in Ampere)
that was used by the mill in order to successfatiynplete the tests, which is an indirect
measure of the friction between the feedstock hadlie and of the pressure that was needed
for each test. The report also includes the logagh test.

The aim was to investigate the effect of extremees of moisture content (5-8% and 14-
17%) and particle size (3 mm and 6 mm) on the fefigorocess using extreme die sizes (5
mm and 18 mm). As have been reported by Alchemyii@ogies, the initial instruction of
using the 15 mm die could not be satisfied becdsepellet mill could not process the
material due to the high extrusion ratio of the tthat was proved too aggressive to process
the material without additives and consequentlydherheat that was caused. The complete

series of tests is shown in Table 5.1.
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Table 5.1: The complete series of OSRS tests paeiby Alchemy Technologies Limited

MC:
Feedstock PS. Mill DD: Die
No. of testf moisture | particle size| . ) Quantity (kg)
diameter (mm)
content (% (mm)
wg)
1 5-8 3 5 100
2 5-8 6 5 100
3 14-17 3 5 100
4 14-17 6 5 100
5 5-8 3 18 100
6 5-8 6 18 100
7 14-17 3 18 100
8 14-17 6 18 100

5.1.1 Manufacturing method

The straw was delivered in Alchemy Technology itebdhat were passed through a Christy
30 kW hammer mill with slotted screen in order tedk the material in about 50 mm pieces.
Further down the process, the chopped straw waegsed through a Christy mill of 7 kW
using a 5 mm and a 10 mm grid. The 5 mm grid predux meal of around 3 mm patrticle
size and the 10 mm grid produced a meal of arounthbparticle size as reported. Before
each run the average moisture content was detedmisimg 3 samples in an Adam 300
halogen moisture balance. Water was added in tlz tmehe tests 3, 4, 7 and 8 in order to
increase the moisture up to the required levehasucted. Finally the meal was used in a
pellet mill CPM 45 kW intermediate laboratory preggh a modified feed in system. The
two different dies used, have the same extrusitio egual to 8/1.

5.1.2 The 5 mm die tests

The pellet types 1-4 were manufactured using thand die. In test 1 the material was
initially fed slowly so that the pressure in the diould be built reaching high electric current
(amps) and a die temperature of arounC5® be achieved. As have been reported a small

amount of oil (less than 1% wt) was injected omythe warm-up period into the pelleting
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chamber to avoid overheating and blockages. Thenwgr period consumed the 15 kg of the
feed. After the warm-up period pellets were produsatisfactorily but the feed rate needed
to be kept low because the pressure and frictientduhe low moisture of the feed was high
and the current were increasing rapidly, also iasireg the die temperature with an increase
of the feed rate. Near the end of the run the dmperature reached around®°®@0and

blockages in the die holes had started to form.elktbeless, the test was complete with no

further problems.

In order to start feeding the type 2 material theetdmperature was cooled to around@5
The test started well but after the first half pdrihe die temperature rapidly increased to
near 85C and smoke was observed. The smoke was formetbdhe high friction in the die
holes, which started to char the surface of théefselThus, a small amount of oil had to be
injected to reduce the friction, however the currf@&mperes, indirect measure of pressure
and friction) had already risen and the die block&dsmall fire followed. The fired was
guenched and some parts of the pellet mill wereoweu to avoid damage and the die was
allowed to cool down before continuing the testiir problems appeared in the second
trial and further problems in the third trial daredgsome of the equipment. Nevertheless in 3
trials the material was successfully pelletisedyéwer a lot of problems were encountered.

Figure 5.1: Type 1 and éof OSRS (oil seed rapa8tpellets

The difference in the performance of the first t@sts occurred due to the particle size. The
pellet mill used additional current in order tother reduce the size of the 6 mm feed inside
the die and thus additional friction forces appdaesulting in an increase of the temperature
(Figure 5.3) and thus overheating the die. In FBdu2 we can see the current that was used
by the mill for the tests 1-4 and there, a smdfedence in the current between tests 1 and 2

can be observed. Perhaps additives had to be edjgguch as water or oil) from the
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beginning of the test 2 in order to avoid the peals. Pictures of the first two produced types
of pellets are shown in Figure 5.1.

90

Figure 5.2: The electric current used by the noitlthe tests 1-4 (An indirect measure of
pressure and friction) with time scale from 90-12idutes
The practical issues observed in test 1 and 2 wextaced in test 3. The higher moisture
content acted as a lubricant and the test progtesg@out fault. Interesting observations
included the large amount of steam that was pratlucghe run and the “fir-tree” effect
which is usual in feeds with high moisture. The-tfiee” effect most likely occurred due to
the rapid expansion of the pellet, from the stelaat wvas formed, once it exited the die hole.
Similar effects were observed in test No.4 althosigghtly higher current was required once

more, compared to test No.3, due to of the largetigle size.
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Figure 5.3: Die temperature for tests 1-4
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In overall terms for the first four tests, higheurrent was required for the dry pellets
compared to the wet ones and higher current wasireshjfor the larger particle size feed
compared to the one with small particle size fddigher current was observed testing the
dry, large particle size feed (test 2) and the EBwakurrent was observed testing the wet,
small particle size feed (test 3). The dry feed wase difficult to control and it is thought
that the addition of a considerable amount of 2iB% wt) in the beginning of the test may
have prevented the problems that arose. Picturégpef3 and 4 of pellets can be seen in
Figure 5.4.

Figure 5.4: Type 3 and 4 of OSRS pellets

5.1.3 The 18 mm die tests

The pellet types 5-8 were manufactured using thendBdie. In test 5 the feed of the material
was progressed more slowly due to the previousrexpe with the smaller diameter dry
pellets that caused problems. Initially good andrgj pellets were produced although the
current was high (Figure 5.6) and the temperatorgircued to rise (Figure 5.7) despite the
small amount of oil that was initially injected @2wt). After the first half of the test, a
sudden increase of load, overloaded and jammepaihetiser. The pelletiser was opened and
allowed to cool down at around “@ In the second trial similar problems arose hig time
due to the high current that led to high tempeestufire was produced and the process was
shut down for repairs and maintenance. Despitg@tbkelems, the pellets that were produced
initially in the first and second trial were enoughbe tested later on to the gasifier.

In test 6 the moisture was slightly increased toidthe problems that occurred in test 5.
Furthermore a small amount of oil was also injeqtet% wt) for similar reasons and no
problem occurred although the current was stilhhig
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Practically, there was no difference in the patigtbehaviour between tests 5 and 6 despite
the different feed particle size. Pictures of te types of pellets are shown in Figure 5.5.
The difference in amps that can be seen betweetwhdests in Figure 5.6 is due to the
injection of small amounts of water and oll

Figure 5.5: Type 5 and 6 of OSRS pellets
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Figure 5.6: The electric current used by the noitithe test 5-8 (An indirect measure of
pressure) with time scale from 90-120 minutes

In the test 7 the pelleting process occurred witloajor problems although the pellets were
shorter, more friable and with slightly less strgnigp comparison to the previous types. Once
the die warmed up, the current level remained stabtil the end.
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Figure 5.7: Die temperature for tests 5-8
Test 8 was similar as the previous test. The dig al@wed to cool down to about @and
after the initial feed of material the current omnere was stabilized. The pellets that were
produced were also friable and less strong in coispato the previous types but the process

in general was easier to control and no problerpeaed. Pictures of pellets produced from
tests 7 and 8 are shown in Figure 5.8

Figure 5.8: Type 7 and 8 of OSRS pellets

The test 7 and 8 showed that in the case of thearh8diameter dies, the particles size was
not affecting the process. The feed was furtheuced in size, inside the pellet mill, using
the 5 mm die however it was not further reducedgiiie 18 mm diameter die. That explains
why the level of current in tests 7 and 8 is thmeaThe differences between the tests 5 and 6
can be only attributed to the additional injectmfrsmall amounts of water and oil in test 6.
Furthermore the effect of moisture content canlimeo/ed once more in the 18 mm die tests
as was also observed in the 5 mm die. The wetdsed smaller current in comparison to the
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dry feed and that can be attributed to the lubtitemhaviour of moisture. Pictures of all the

pellets together are shown in Figure 5.9.

Figure 5.9: An apparent comparison between theppf OSRS pellets

5.2 Effect of pelleting parameters on pelleting jgess

The pelleting parameters have a fundamental efiecthe pelleting process. The pelleting
parameters under investigation are the moisturgeobnthe particle size and the die
diameter. All three parameters and their combomati have affected the manufacturing
process of pellets, though not all in equal weighie two important indicators, that point out
the impact of the pelleting parameters in the pialeprocess, are the amount of Amperes
used by the pellet mill and the die temperaturehBx the two values represent the friction
that was applied between the feedstock and thdfdigere is a high friction factor, then the
pellet mill requires more energy in order to practe material and thus, due to the friction,
the die temperature rises. This is shown in Figui®. The higher current and temperature in
the process were observed during the utilizationthef large diameter die because the die
holes are longer in comparison to the ones in thaller die. The friction between the
feedstock and the die depends mainly on the lubiriclharacteristics of the feedstock i.e. the

addition of oil or moisture can decrease the fictiactor.
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Figure 5.10: The relation between the pellet mdcgic current and the die temperature

5.2.1 Effect of moisture content on the pelletingrpcess

The moisture content is one of the fundamental mpatars in the pelleting process. The
effect of moisture content on the current usedheypellet mill is shown in Figure 5.11. In all
cases, the moisture content acts as a lubricardebreasing the current required by the pellet
mill, regardless of the size of the chop or therditer of the die.
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Figure 5.11: The effect of moisture content ondleetric current required by the pellet mill
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Similar effect was observed for the feedstock numoestontent on the die temperature (Figure
5.12). The increasing moisture content decreasedrittion factor between the die and the
feedstock, leading to a decreased dissipation @irggnby the pellet mill and lower

temperature of the die. The steam formed, in tree @& the high moisture tests, further

contributed to the decreased temperature in cosgrato the dry feedstock.
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Figure 5.12: The effect of moisture content of dreetemperature

5.2.2 Effect of particle size on the pelleting pragss

The particle size slightly affected the pelletingpgess when using the 5 mm diameter die
however did not affect the process when using Shenin diameter die. The 3 mm particle
size could fit into the 5 mm die hole however the@ particle size could not fit into the 5
mm die hole. Thus, further size reduction occuinsitle the die reducing the 6 mm particles
into smaller ones. For that reason extra energyimed, by the pellet mill to reduce in size the
6 mm particles so that could fit inside the 5 mm. dihis effect is shown in Figure 5.13 (pairs
“1,2” and “3,4"). The extra energy required by thedlet mill led to an increase in the friction
and thus an increase in the temperature insiddigherhich can be seen in Figure 5.14 (pairs
“1,2” and “3,4”). The effect could not be observethen using the 18 mm die. That is
because both the 3 mm and 6 mm particle size dduluside the 18 mm die hole; thus no

further particle size reduction occur inside the. dihe small differences observed in pairs
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“5,6” and “7,8” could be attributed to the additiai small amounts of oil and water as

mentioned previously.
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Figure 5.13: The effect of particle size on thele current required by the pellet mill
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Figure 5.14: The effect of particle size on thetdimperature
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5.2.3 Effect of die diameter on the pelleting procss

The die diameter has a clear effect on the cunexntired by the pellet mill. In Figure 5.15 a

clear relation is shown between all pairs. Thestesting the die with the larger diameter

required higher current in all cases, when compuaiiéd the tests using the smaller diameter
die. This effect can be accredited to the longerhdiles of the large diameter die. Due to the
longer holes, a larger amount of feedstock remainsitle the die hole for an extended

period of time thus increasing the friction factspite the fact that the extrusion ratio of
both dies is the same (8/1).

Die diameter - Amps
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Figure 5.15: The effect of die diameter on thetelecurrent required by the pellet mill

The die diameter has a similar effect to the dmeperature as with the current. For the same
reasons as in the former case, the temperatureeadiie is increased by increasing the die
diameter.
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Die diameter - Die temperature
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Figure 5.16: The effect of die diameter on thetdiaperature

5.3 The relationship between the pelleting procassl the pellet quality

The pelleting process properties have a profoufecebn the quality of the pellets. This

section will discuss this effect. The quality arsadyof the pellets is shown in Table 5.2. The
quality assessment parameters are the mean pehsityl the bulk density and the pellet
durability. The swelling of the pellets is also aimin Table 5.2 (pellet size), the nominal die
diameter is shown inside the brackets, the actie@mpellet diameter after the pellets exit
from the die, is shown outside the brackets. Intamg the properties of the pelleting process
have an effect on the mean pellet length as ih@ve in Figure 5.17. The smallest mean

pellet length was observed in type 3 pellets aeddlgest in type 5 pellets.
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Table 5.2: Quality analysis of pellets

Pellet size
oot Bulk density  Durabilit (mm),
pelle ulk density urability _
Type of pellet density (kg/n?) (%) bracketsl.
(kg/n?) nomina
diameter
OSRS pellets 1 902(+101) 498 93.4 6.4 (5)
OSRS pellets 2 958(+68) 498 93.1 6.4 (5)
OSRS pellets 3 1065(£112) 417 87 6.4 (5)
OSRS pellets 4 1029(+107) 403 87.3 6.4 (5)
OSRS pellets 5 1192(+£71) 638 94.7 21 (18)
OSRS pellets 6 1105(x107) 570 95 21 (18)
OSRS pellets 7 1249(+£115) 624 94.2 21 (18)
OSRS pellets 8 1213(+134) 565 94 21 (18)
DDGS pellets 1248(+60) 686 91 6.3
E-On Miscanthus pellets  1187(x40) 645 96.5 8
Mean pellet length

Peliet lkength (cm)
L8] w s

[

sapa 1]
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Figure 5.17: The mean pellet length for each onb@pelleting tests (bars: SD)
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5.3.1 The relationship between the pelleting procesnd the pellet density

The relationship between the current required tgy fgellet mill and the pellet density is

shown in Figure 5.18. Distinguishing the data betwthe two die diameters, it is clear to say
that the increased current is related with deccbasdlet density. In both cases the wet feed
resulted in a higher pellet density in comparisonthie dry feed. Due to the absence of

moisture there were high friction factors during throcess of the dry feed reaching high
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current without the benefit of high compressionthAligh it seems logical that by increasing
the current thus by increasing the compressionithapplied to the feedstock by the pellet
mill, it should have resulted in an increase of pleélet density, this was not the case. This is
because the different pelleting properties (moéstaontent, particle size) affected the
pelleting process itself and thus the current mregliby the pellet mill (the current is a value
dependent on the pelleting properties); which mélatsthe extra current that was dissipated
was a result of the different pelleting propertieat were used; in this case the absence of

moisture that would have acted as a lubricant lowgethe current required.
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Figure 5.18: The relationship between the curredttae pellet density

The relationship between the die temperature aagéfiet density (Figure 5.19) was similar
to the previous case, the relationship betweerctimeent and the pellet density. The pellet
density decreased with an increase of the die teatye for both die sizes. The increased
temperature in the dry feed was a result of a figlion between the feed and the die due to

the absence of sufficient amounts of moisture.
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Figure 5.19: The relationship between the die teatpee and the pellet density
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5.3.2 The relationship between the pelleting procesnd the bulk density

Generally the increased current is related wittagmebulk density in both die diameters as
shown in Figure 5.20. At 5 mm die diameter, thekbdénsity is significantly greater at
higher current, whereas in 18 mm die diameter tleen® notable increase in the bulk density

across the range of current presented.
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Figure 5.20: The relationship between the curredttae bulk density

Similar relations were observed in the relationdtepween the die temperature and the bulk

density as shown in Figure 5.21.
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Figure 5.21: The relationship between the die teatpee and the bulk density

5.3.3 The relationship between the pelleting procesand the pellet durability

The relationship between the pelleting processthagellet durability is similar to the above
cases. In the Figure 5.22, in the case of the 5 diameter die the durability is rapidly
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increased with an increase in the current but & ¢hse of the 18 mm diameter die the
increase in the durability is less rapid. As disadspreviously, in the case of the 18 mm
diameter die, the increase is less rapid due t@addtion of small amounts of oil in order to

prevent the formation of fire and smoke.
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Figure 5.22: The relationship between the curredttae pellet durability

The relationship between the die temperature atietgkirability is shown in Figure 5.23. It

is observed, a rapid increase of the durabilitthen5 mm diameter die and a steady increase
in the 18 mm diameter die. The temperature is actlimdicator of the friction applied
between the feed and the die and thus it can belumed that the increase of the friction

factor also increases the pellet durability.
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Figure 5.23: The relationship between the die teatpee and the pellet durability

Generally the results reported in the previous ehsab-chapters show that an observed
increase in the current means that pellets of lopedlet density, higher bulk density and

higher durability are yielded in both cases of dnaald large diameter dies. Similarly an
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increase of the die temperature means the productiopellets again with lower pellet
density and higher bulk density and durability.ehestingly, there is a clear relationship of
the

1) pelleting parameters with the pelleting process ;
2) pelleting process with the quality of pellets;

3) pelleting parameters with the quality of pellets;

5.4 Effect of pelleting parameters on pellet qualit

The effect of pelleting parameters directly on pgedlet quality is presented in this section.

The pelleting parameters discussed are the feddstoisture content, the particle size of the

chop and the diameter of the die. The pellet quaditassessed by means of mean pellet
density, bulk density and pellet durability. Thesuks will allow the prediction of pellet

quality after every pelleting process.

5.4.1 Effect of feedstock moisture content on pellet quality

The feedstock moisture content has a fundamentahétnon the quality of the pellets. The
effect of feedstock moisture content on the medketpagensity is shown in Figure 5.24. In
each case, the higher feedstock moisture contsntted in a higher pellet density. This is
due to the fact that the moisture content acts lziader between the feedstock particles due
to capillary pressure and interfacial forces. Femtiore, the effect was of equal weight in
both small diameter and large diameter die.
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Figure 5.24: The effect of feedstock moisture conhta the mean pellet density

The feedstock moisture content also has an impaart the bulk density of the pellets which
is shown in Figure 5.25. For all pairs the bulk gignof the pellets decreases with an
increase of the moisture content. The effect issnpwominent on the test that used the 5 mm
diameter die (pairs “1,3” and “2,4”). On the otle&and, on the tests that used the 18 mm
diameter die (pairs “5,7” and “6,8”) the impact wak a lesser weight. This could be
attributed to the high temperatures that were ofeseduring the tests that used the 18 mm
diameter die, and in turn led to the evaporation rge portion of moisture, thus decreasing
the effect of moisture upon the process. The effecalso prominent on the pair “6,8”
however this is due to the addition of oil in téstcreasing the lubricant characteristics and
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Feedstock moisture content - Bulk density
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Figure 5.25: The effect of feedstock moisture conta the bulk density

The feedstock moisture content has an effect ordtheability of the pellets, in which the
pellet durability decrease with higher moisture tea This is highlighted in Figure 5.26.
This is likely to be due to the increased moistooatent which resulted in larger spaces
between the chopped particles, and due to the ipoesaibility of water the particles could
not bind together in an efficient manner. The plme@oon is more apparent in the tests which
used the 5 mm diameter die and less apparent itesite that used the 18 mm diameter die.
Again, this could be attributed to the high temp#nes that were observed during the tests 7
and 8 and in turn resulted in a higher durabiligllgis. It may also be attributed to the
addition of small amounts of oil in tests 5 andh@ttreduced the friction and thus the
durability of the pellets.
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Feedstock moisture content - Pellet durability
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Figure 5.26: The effect of feedstock moisture conta the pellet durability

5.4.2 Effect of feedstock particle size on pelleuality

The feedstock particle size had an effect upongteity of the pellets which is shown in
Figure 5.27. In the most cases the increased [gagize resulted in a decrease of the pellet
density, which is due to the small particles occugyall available empty spaces in the bulk
and thus increasing the density. In test 1, howd&s phenomenon could not be observed.
Furthermore, the impact was higher in the testsubad the 18 mm diameter die (tests 5-8)
because the large chop was not further reducezénas with the tests 2 and 4. It is likely
that this internal size reduction in the tests & dnresulted in increased temperatures as
shown in previous sections and in turn the incrédasmperature was the cause of an increase
in the pellet density.

89



Feedstock particle size - Pellet densi

MC: 14-17% DD: 18mm 0D: 18mm
MC: 5-8% D S

1200 11 pp: smm
% 1000
> 800 -
=
2
€ 600 -
=
& 400 -

- *] l l l l l I I

o -

small PS largePS small PS largePS smallPS large PS smallPS large PS

Figure 5.27: The effect of feedstock particle ©nehe mean pellet density

The feedstock particle size has also an effect uperbulk density of the pellets but this is
only significant in the tests which used the 18 wohameter die (tests 5-8) as we can see in
Figure 5.28. Otherwise, in tests 1-4 this phenomesauld not be observed possibly due to
the further size reduction of the large chop ingidesmall die and that in its turn led to chop
of equal size. An effect of feedstock particle sigmn the pellet durability could not be
detected (Figure 5.29).
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Figure 5.28: The effect of feedstock particle inehe bulk density
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Figure 5.29: The effect of feedstock particle inehe pellet durability

5.4.3 Effect of die diameter on pellet quality

The effect of the die diameter on the pellet gyasitshown in Figure 5.30. In each case the
use of the 18 mm die diameter increased the deafkitye pellets. The reason for this effect
could be the higher current that was required aedl by the larger diameter die as discussed
in previous sections (Figures 5.15 and 5.18), whéchto higher pressures from the pellet
mill on the feed and in turn, leading to increadedsities.
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Die diameter - Pellet density
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The diameter of the die was observed to have attetin the bulk density of the pellets
where the 18 mm diameter die resulted in an inecdmilk density. This is illustrated in
Figure 5.31. Although it is logical that material smaller size would have higher bulk
density, this was not the case as the pellet demsitn’t the same among the pellets. The
higher pellet density, which was a result of ugimg 18 mm diameter die, led to a higher bulk
density of pellets. Simply speaking, the large gisliwere heavier in a specific amount of

volume in comparison to the small pellets.
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Die diameter - Bulk density
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Figure 5.31: The effect of die diameter on the wéksity

The diameter of the die was observed to have attefin the pellet durability where the 18
mm diameter resulted in an increase of the pellealdlity. This is highlighted in Figure
5.32. The reason for the higher durability wasitioeeased temperatures observed during the
utilization of the 18 mm die; a direct effect ofetthigh current used. The increased
temperature led to a higher flow of the inherentders of the feed such as lignin, and in turn
contributed to an increased pellet durability. Phenomenon was more apparent in the pairs

“3,7” and “4,8” due to the higher moisture contand its evaporation during the tests 7 and
8.
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Die diameter - Pellet durability
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Figure 5.32: The effect of die diameter on pellatatbility

5.5 General discussion on the pelleting process

The parameters examined in this study, the feekistaisture content, the feedstock particle
size and the die diameter, have an impact on thietipg process and pellet quality. A

summary of this impact is shown in Table 5.3. Tlsseasment was done through the
investigation of two very important parameters thah be exhibited from the pelleting

process. These two parameters are the currenvsatlissipated by the pellet mill in order to
process each specific material (measured in amys}tlee level that the temperature of the
die have reached during the process.

Initially the study highlighted the effect that tfeedstock and initial pelleting parameters
have on the pelleting process. In the case of tleeteof moisture content on the pelleting
process it was found that the increased moistunéead decreased the amount of energy that
the pellet mill required in order to process thetenal. The reason for this was that the
moisture acted as a lubricant, curtailing the ivictoetween the feed and the die-hole surface
during the extrusion. This is in agreement withaatgstudy into this effect [57].
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Table 5.3: A summary of all parameters and relatiq

examined for the pelleting process

. 5mm die 18mm die Possible
Figure | Parameter X | Parameter Y . : . ) .
relationship relationship explanation
5.11 MC Amps negative negative Moisture acts as a
5.12 MC Die temp negative negative lubricant
5.13 PS Amps positive no effect Further size
. " reduction of chop in
5.14 PS Die temp positive no effect 5mm die
5.15 DD Amps positive Higher friction due
5.16 DD Die temp positive to longer die holes
5.18 Amps Pellet density negative negative Extra current
. . : . required due to
5.19 Die temp Pellet density negative negative absence of moisture
5.20 Amps Bulk density] Positive (rapid)  Positive (mild)
5.21 Die temp Bulk density  Positive (rapigd)  Positive (mild)
5.22 Amps Durability Positive (rapid Positive (mild) Higher emtrlead
to higher temp that
5.23 Die temp Durability Positive (rapid)  Positive (mild) lead to activation of
natural binders
5.24 MC Pellet density Positive Positive MO'SSiJrﬁ;CtS as
5.25 MC Bulk density Negative Not apparent
Higher moisture lead
. Negative . . to higher spaces
5.26 MC Durability (sharp) Negative (mild) between the chopped
particles
5.27 PS Pellet density Not clear Negative Smaller particles
occupy empty space
5.28 PS Bulk density No effect Negative Due to pellet density
5.29 PS Durability No effect No effect
5.30 DD Pellet density Positive H_|gher current,
higher pressure
. . Higher pellet dens,
5.31 DD Bulk density Positive higher bulk dens
Increased temp in
5.32 DD Durability Positive 18mm die, higher

flow of natural
binders

The feedstock particle size, either the 3 mm oi6them, did not have any visible effect upon

the pelleting process when using the 18 mm die. é¥@&wn the 6 mm particle size has an

effect during the utilization of the 5 mm die byieasing the current required by the pellet

mill. The extra current was used by the pellet foitl further size reduction of the feedstock.

The size reduction takes place in the space betiteerollers and the die holes, due to the

larger size of the feedstock in comparison to tieediameter. The effect was also projected

on the temperature that generally increases diuimiger size reduction within the die.

The die diameter has also a significant impact e pelleting process. The 18 mm die

diameters are responsible for the increase inrtbigoh between the feed and the surface of
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the holes due to the higher accumulation of fesdlethe holes and the greater length of the
die holes. The pellet mill tries to overcome thetion by using larger amounts of energy and
thus the temperature also increases. Similar eesudtre reported by Heffnest al [102].

Furthermore Pfost [103] reported that the decréaslee die length leads to reduced energy

requirements by 37%.

In Figures 5.18 and 5.19, the relationships arevehmetween the current used by the pellet
mill and the density of the pellets and furthermibie relation between the temperature of the
die and the density of the pellets. It was shovat the wet feed yielded the higher pellet
density and also required less energy by the peilét

However, the dry feed had lower pellet densitied doe to the lack of moisture, higher
amounts of energy were required by the pellet tnitomplete the process due to the higher
friction between the particles themselves and ticidn between the feed and the surface of

the die holes.

Gilbertet al [104] observed an increase of the pellet densitly an increase of the pressure.
Similarly, Mani et al [46] reported the increase of pellet density wih increasing
compressive force for four different biomass sample this study differences were observed

due to the fact that the current was affected yréatthe lack of moisture.

The bulk density also has a relationship with tleetec current and the temperature. It is
shown that whenever the process leads to an irci@gfathe energy required by the pellet
mill, the bulk density also increases. Similarlystirend is observed between bulk density

and temperature.

In addition, it is shown that the increase of cotreill result in a higher durability of the
pellets due to the activation of the natural bisdéat occur in the process due to the higher
current used leading to higher friction, in turadeng to higher die temperatures. This is in
agreement with results reported by Takil al [52, 105], in which increased energy

consumption is connected with a rise of the duitgbil

Importantly this study shows the effect of the gigtlg parameters prior the pelleting process
upon the quality of the pellets. The increase oistnoe content leads, to a point, to an
increase of the pellet density by means of theibgqdharacteristics of moisture (capillary

and interfacial forces [53]). Ryet al [51] reported an increase of pellet density duario

increase in moisture content. However, Sokhaneaaj [61] reported a decrease of pellet
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density with an increase of moisture. Furthermd@estafson and Kjelgaard [106] also
reported a decrease of pellet density with an as@ef moisture content. Similar results also
reported by Maniet al [46]. Lehtikangas [56] reported that moisture éxlsi a binding

behaviour in pellet production. The differencegha trends found in literature are possibly

happening due to the measurement of moisture cointéme feedstock and the pellets.

Moisture content also impacts the bulk density, thaet effect is most apparent in the 5 mm
diameter pellets. A negative trend between the tan@scontent and the bulk density was also
reported by other authors [59]. Sokhansan] [61¢real an increase of the bulk density, up to
a point, and then a constant decrease of bulk tyengh an increase of moisture content.

The moisture has an influence on the durabilityyéaer this trend is negative. The tests on
the pellets show that an increase of the feedsmolsture content decreases the pellet
durability. This is because the increased moideads to higher spaces between the chopped
particles due to the incompressibility of the wat®n the other hand, too low moisture
content could lead to a significant increase offtlation forces between the particles and the
die that could result in the formation of fire omake which amongst other issues,
compromising the fuel property of the final pell€bo low moisture content could also lead
to the blocking of the die. The optimum feedstoakisture content would be between 8 and
14%. The trend between the moisture content aadpdilet durability has been reported
elsewhere however the bulk of the literature sh@msincrease of the durability with
increasing moisture due to the fact that the studre mostly within the range of 8 — 15%.
Larssonet al [59] reports an increase of the durability witkreasing moisture content up to
15%. Smithet al [107, 57] showed that the durability increasedhwan increase of the
moisture content from 10 to 15%. The same trend stasvn also by Kaliyan and Morey
[108, 57] for the same range of moisture conte@t1l8%). Increasing the moisture content
even further, the durability decreases as was show@’Doghertyet al [109, 57] where the
authors increased the moisture content from 20 5%.3In addition, Lehtikangas [56]
reported the positive correlation between the mogstontent and the durability only up to a
point. The decrease of the durability (increase@dsibn) with a rise in the moisture content
was also reported in [110].

The particle size does not have a clear effecherdensity of the small size pellets because
the 6 mm feedstock particle size was larger thardié holes and thus, further size reduction
occurred inside the die. On the other hand it duwese an effect on the 18 mm diameter
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pellets. It was shown that the 3 mm particle serels to increase the pellet density due to the
occupation of the empty spaces from the partidles.6 mm patrticles led to a decrease of the
pellet density because a greater number of empigespexist within the pellets. Furthermore

the 3 mm size feedstock has a larger total parsistéace and thus the binding behaviour of

moisture is more functional with the small ratheart with the large feedstock. The increase
of the pellet density by the utilization of fineanticle size chop was shown by Dobie [111,

47].

The 6 mm particle also has an effect on the bulksite of the 18 mm pellets. The bulk
density was found to be smaller with the large chopcomparison to the pellets
manufactured by the 3 mm feedstock. This is possihle to the decrease of the pellet
density with an increase of the particle size axudleed before. Furthermore Maatial [46]
reported that the feedstock that was made by ubiedarger screen, it also had the lowest
bulk density (as a chop). Possibly the latter wastteer reason for the decreased bulk density
with an increasing feedstock particle size. Simiggults were reported for the chop by Lam
et al [112], the larger the particle size, the smakethie bulk density of the chop. Thus it is
possible that the small bulk density of the choguits in pellets with also a small bulk
density.

Concerning the durability, it was found that thetigke size did not affect this property. The
results of the current study do not agree withfitigings of Hill and Pulkinen [113, 47] who
reported a 15% increase of the pellet durabilitthvai decrease of the screen size. The results
also don’t agree with findings reported by Singld &ashyap [114, 57] that the decreasing
particle size of rice husks increased the durgbdftthe briquettes from 84.1 to 95%. It is
possible that the previous authors used a widegerar particle sizes so an affect could be
observed. Other results though, taken from thealibee, do agree with the results of the
current study such as those pointed out by Brejgé [58] that the particle size did not have
any considerable effect on the pellet durabilitykelvise Tabil and Sokhansanj [105]
reported that the different hammer mill screenssidiein’t cause any significant differences

in the durability.

In the case of the die diameter it was observetith@ositively affected all the properties
under investigation. The pellet density of the 18 mellets was higher in comparison to the
one of the 5 mm pellets because the 18 mm diedmgget holes that needed higher electric
current and thus higher pressure in order for ¢eel fo pass through, however, the use of the
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18 mm diameter die caused many problems to theepsodue to the high temperatures that

were exhibited and the general absence of lubscant

Because of the higher pellet density, the bulk tems the 18 mm pellets was also higher
than the one of the 5 mm pellets. The results,eagiith the ones of Lehtikangas [56] that
reported that the pellet density has a positivectfdn the bulk density.

Concerning the durability, due to the higher curréigher die temperatures were achieved
leading to increase of the flow of the natural leirsdof the feed such as the lignin and thus to
increase the durability. Similar results reportegd Heffner and Pfost [102]. Tabil and
Sokhansanj [105] reported a better pellet durgbiith an increased I/d ratio with the effect

being more pronounced in the case of the large etiamdlies.

5.6 Problems and suggestions for the pelleting @ss

During the course of this study, a large samplthefmanufactured pellets that described in
the previous sections was supposed to be manugactuthin the Cranfield University. The

University has in its possession a pelleting urat tvas described in chapter 4 “Experimental
Procedure”. Unfortunately the pelleting unit didt ienction as expected and that was the

reason that the oilseed rape straw pellets werelfacitured elsewhere.

The design problems that were identified concesads along all the range of the pelleting
unit: from the efficient functioning of the hammaill and the transport of the material from
the hammer mill to the pellet mill to the designtioé die and the mechanism of addition of
water and oil. Although many of the problems weskved with certain small alterations in
the design of the rig, the manufacturing of thdgtelwith the necessary properties was not
possible. Pellets could be produced but the pefidit had lots of difficulties to do that

without the addition of binder and oil.

The pellet mills with hollow perforated dies anddefrom the inside is one of the most
common pellet mills in the market (Cranfield pelteill is of this type). A typical design of
this kind of pellet mill with the perforated diedatwo rollers can be seen in Figure 5.33. Due
to the fact that the die cannot be very wide foutral reasons, the capacity of the pellet
mill can be increased by installing more rollersvorrollers can double the capacity in
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comparison to one roller and three rollers candrnip[110, 115]. The Cranfield pelleting unit

is already equipped with two rollers and thus motifer rollers are required.

e By
o

>

Figure 5.33: A typical interior of a ring die [115]

The original plan dictated the use of extreme \aliog the concerning properties; big die,
small die or high moisture content, low moisturetent etc. That was the reason for the
initial choice of 4 mm and 15 mm pellet die (Crafdi pelletiser). The I/d ratio (length over
diameter ratio) of these to dies is shown in théld&b.4. In the current section, certain
suggestions for the general pelleting process & aore specifically, for the Cranfield

pelletiser, are discussed.

Table 5.4: Die size and length to diameter ratio

Die size I/d ratio
(diameter)
4mm 8.25
15mm 6.3

The major parameters that affect the compressifciegfcy during the pelleting process are
the friction characteristics of the die, the dimens of the hole, the size and dimensions of
the material that forced into the hole, the rollvgocity, the material and shape of the die

and the rolls and the compression capacity of diketomill [49].

The extrusion ratio (or compression ratio or pme¢®), as described previously, is the ratio
of the length of the die over the diameter of tleeahd it determines the level of friction to
be applied inside the compression channels. Higkeusion ratios (larger die lengths) can
be used whenever the material does not includealdiinders, e.g. small amounts of lignin.
The increased extrusion ratio will result in highemperatures inside the die and it would be

possible for the natural binders to flow easierdnlty up to a point [110].
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Straw is a difficult material to pelletise and #ec dies (longer holes) should be used. In
order to pelletise wood a common practise is toexseision ratios of 3/1 to 5/1 but for straw
it's necessary to use 8/1 in order to increasdritigon, the temperature and to ease the flow
of the lignin. Furthermore another disadvantagestcdw in general is the increased silica

content that tends to wear the dies faster in cosgato wood [49].

Higher densification can be accomplished with therease of the length/diameter ratio.
Furthermore in order for the pelletisation prodeske successful the extrusion force must be
larger than the frictional resistance, thus thetdiekness should be selected as such not to
break during the operation [115]. The densificafwocess within the pellet mill depends on
the friction between the surface of the compressi@annel and the material which in its turn
depends highly on the moisture content. That is wh§ymum moisture content value is
required which is usually between 8 and 12%. In dhse that the material is pre-treated
using steam then the moisture content of the felbdald be slightly less than the optimum so

that would compensate for the added water [110].

The type of material is very influential on thelpghg process. Basically, it is the pellet mill

that has to be adapted to the feedstock propemiésiot vice versa. That is why pellet mills
that are used to process a specific material, ¢aeffwiently process another type of

material. Possible alterations in the die couldbéehe thickness of the die, the length of the
compression channels, the quantity, shape and diorenof the holes, the number, diameter,
shape and type of the rollers [110].

Conditioning is in general the addition of smallamts of lubricants or the addition of steam
to heat, moisten and in certain cases to gelatstemehy material or to soften the material by
heat addition. Heat can be added through the sbesixtra heat is also generated during the
extrusion process. The extra heat is easily remavigd the cooling process after the
pelletisation [115].

As explained, the herbaceous biomass is in gereewdifficult material to be pelletised
because of a lower amount of natural binders amdinkensely fibrous nature. Except
alterations in the specifications of the die, ddfe binding agents could be added in order to
ensure the improved binding characteristics of niegerial. Additive such as molasses,
lignosulphonates, starch, lime or even sawdustdcoaprove the results. The mixture of the
herbaceous biomass with woody biomass would algocome few problems. Furthermore
special techniques such as the defibration coulddeel to ensure higher quality of pellets
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[110]. Investigation on the additives that coulddgmssibly fit to the pelleting of oilseed rape
straw or other types of herbaceous biomass woulimiperative to the operation of the
Cranfield pelleting unit.

Steam is a very important additive to the pelletorigcess. The additive steam should be
slightly superheated so that would not have angssige increase of the moisture content of
the feed. Steam conditioning contributes to theucedn of wearing of the die and to the
increase of quality of pellets. Steam is also attar&zed by its lubricant characteristics and
thus the reduction of excessive friction betweangurface of the die hole and the material
that leads to increased efficiency and decreas¢he@fwearing of the die. The biggest
advantage of steam conditioning is that it actiwatee lignin in order to flow easier and
makes the material more malleable and thus thergredrength of the fuel increases. During
the cooling process moisture content is decreaseithat might compensate for the extra
moisture added during the steam conditioning [4@ldition of steam during the utilization
of the Cranfield pelletiser should be highly coesetl as a priority.

Additives are not only used to increase the dermitihe durability of pellets but it can also
be used to improve the chemical characteristiagh@ipellets to achieve higher efficiency in
the thermal conversion process. Slagging for examoph be reduced with the addition of
kaolin or calcium and magnesium oxides [49].

One of the observations made during this study,isuagplied to all the pelletisers, was that
the large particle size is further reduced insite pelletiser while a small diameter die is
used. It is typical that in a 6 mm die the cho should be around 4 mm. In order to grind
the feedstock even further would require higheutrgnergies [110].

In general very fine particle sizes are more cofeesi nature and their chop bulk density is
low (high bulk volume). Because of that, the calapf the cohesive arches (internal binding
arches that board a large quantity of gas) dubdaescape of a large amount of air, occurs.
What remains between the fine particles are snakofilled with gas that cannot easily
escape due to the low diffusivity, and thus lortgee is required for a large amount of gas to
escape. The degassing and deaeration problemsw@akyusolved by using a force feeder so
that the initial chop bulk density will increaselfl. The pelleting unit of Alchemy
Technology (manufacturer the OSRS pellets) is gmpdpwith a force feeder. As a final
solution, a force feeder should be considered Her @ranfield pelleting unit, although the
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problem could be partially solved by using lardgeart 4 mm particle size feedstock, however
it would be difficult to use the 4 mm die.

The distance between the die and the rollers dégs @ role in the performance of the pellet
mill. The feed is inserted into the spinning diedahis distributed evenly all along the
internal surface of the die. When the thicknesshef feed layer on the surface of the die
reaches a particular value the rollers start mgatoo. In time, the compression of the rollers
upon the feed increases and whatever feed wamgtayi the edge of the compression
channels (holes) is forced to get through and thesxtrusion process starts [110]. With the
increase of the distance from 0 to 1mm, it was oeskthe increase of the energy demand
but at the same time it was also observed a reducti the amount of fines by 30%. This
could be a solution to one of the problems encoadtevith the Cranfield pelletiser. The
cranfield pelletiser was producing a high quantfyfines so by increasing the distance
between the die and the roller, the amount of fwék be reduced. At this stage a new
problem was found. A design problem was the inghib adjust that space between the die
and the rollers even though there is the capallityloing that. The shaft of each one of the
rollers has 6 holes which exist for the sole reasbadjusting that space. The pelletiser
functions at the '8 and final hole. The space cannot be increasedubedaere are no more
holes and cannot be decreased it either becausglabement of the roller to thé"5hole
results in the touching of the die and the rolBw.there is imperative need for a more flexible

system of space adjustment [49].

The shape of the compression channel (see Figd4¢ &lso plays a role in the quality of the
pellets produced. The simplest of the shapes iard represents a compression channel with
chamfered inlet to compensate for the large spateden the inlets of the holes. The
chamfer helps to guide the feed into the comprassiamber. Due to the fact that some dies
should be thick (long), the compression channelss long but to compensate for the high
frictional resistance shapes ‘b’, ‘c’ and ‘d’ mag used. In that way the length of the
compression channel decreases by increasing theegtlzer of the inlet or of the exit. In
general during the pelleting process, if the atadéformation does not permanently change
into plastic deformation then the pellets expanthatexit of the compression channel. If the
exit of the channel has sharp edges(such as irCtarfield pelletiser), the expansion is
sudden and that results in the cracking of theasarfof the pellets taking the shape of
“Christmas tree”. The latter effect could be forneen in compression channels such as the
one shown in shape ‘d’ which include a relieve boreorder to avoid the cracking during the
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pellet expansion (swelling), the exit of the congsien channel could be tapered such as in
shape ‘e’. The swelling is caused by the expangitastic spring-back) of the compressed

residual air that exists inside the pores of theefseand the relaxation of elastic deformation

[115]. Finally the shape ‘f’ represents a channighwhamfered inlet, tapered exit and relieve

bore that could be a good solution when even whepesties in the extreme ranges are used
[115].

A7

Figure 5.34: Six different types of compressionroies in a die [115]

The tapered exit and the relieve bore in ‘f" malke tounter-bore. The main bore is used to
decrease the length of the channel and the tamediéds used to achieve a gradual elastic
expansion. Tapered inlet is used for two main nessdhe first reason is to increase the
opening area without sacrificing the strength & thain body of the die. The latter effect
usually occurs during the pelleting of fibrous mnizte such as straw, that can produce
matting and clog the die if large space exists betwthe holes. The second reason to use
tapered inlet is to obtain additional compressiod that could be used with feeds that have
low bulk density, such as the feeds made of smaitigte chop [115]. The Cranfield
pelletiser uses dies of type ‘a’. Possible alteraito type ‘e’ or ‘f would increase the
quality of the performance of the pelletiser. ifli@a wears off, replaceable parts can be used
in certain occasions. An alternative solution, he tase of Cranfield pelletiser, replaceable
parts could possibly be used in the large diangige{15 mm) to convert it from an ‘a’ type
to ‘e’ or ‘f'. The consequences would be the deseeaf the diameter of the compression
channel and the increase of the I/d ratio (fromt6.possibly more than 8) but this could be

compensated by the tapered inlet and exit andeliere bore.

Other problems can also appear during the pellginogess such as the die blocking which
can be overcome using a by-pass chute [49]. Anaikeal problem during the pelleting

process is the density variations within the psll&his may lead to cracks and to a decreased
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guality of the pellets. The compression force idir@ct result of the friction between the
surface of the compression channel (holes of tbg aind the material. This may result in
pellets that the outer pellet surface has highesitiein comparison to the inner part of the
pellet. The density variations are the direct restithe interparticle and wall friction, the
dissipation of force from particle to particle atifte shear forces between the particles.
Density variations can increase with higher congagsforce and with longer pellets. It may
decrease with the increasing diameter (even with game I/d ratio), the addition of a
lubricant and the lubrication of the die walls (s&s with steam conditioning) [115].

A difficult situation that might appear during tpelleting process is the overfeeding. In the
normal case, the material forms a layer betweemidia body of the die and the rollers. The
sufficient thickness of that layer causes the rslte rotate, entrain and compress the layer
along the main body of the die. At that momenttibkes on the main die body are fed with
material while the rollers are rotating and keepaning and pressing the feed layer towards
the die body and the die holes. In the case tlatayer of material is too thick, the rollers
meet the material, while rotating, at their sides,upward force is pushing the material to
form a cyclic motion right at the meeting pointueén the layer and the roller. At that point
the material accumulates and thus it cannot baieett [115].

In this chapter an overview of the pelleting pracess presented. Firstly, the manufacturing
method and the problems occurred during the pefjefirocess was discussed. This was
followed by the effect of the pelleting parametéesdstock moisture content, particle size
and die diameter) on the pelleting performancer@sgnted by the amps of the pellet mill
and the die temperature). A relationship was estadyd between the pelleting performance
and the quality of the pellets (represented bypbiet and bulk densities and the pellet
durability). The latter was followed by a discussion the effect of the initial pelleting
parameters on the pellet quality. Suggestions wede to improve the performance of the
Cranfield pelletiser. The effect of the pelletingbgess on the gasification process will be
discussed in the next chapter.
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6 The gasification process

In this chapter, the results and discussion ofyissfication process are going to be presented
starting with the analysis of the downdraft gasifion process, using oilseed rape straw
pellets as a feed, which will be followed by thesukts of the spouted fluidised bed
gasification process using the same feed. Furthermesults are presented of gasification
processes using other material such as MiscantituBBGS pellets. Finally, the gasification
outputs will be related with the pellet quality cheteristics and ultimately with the initial

pelleting parameters.

6.1 The downdraft gasification of oilseed rape strpellets

The downdraft gasification tests were conductedhan pilot scale rig as discussed in the
“experimental procedure” chapter. The feed of tlosvrabraft gasifier was performed in
batches and not continuously and this means teantterial feed-rate is directly affected by
the air feed-rate and the type of the pellets. Esgtative graphs and tables of the
temperature profiles, gaseous species and gagifigag¢rformances are presented.

6.1.1 Downdraft gasification of 5 mm OSR straw pellets

The comparison of the performances of the diffepailets was done keeping the same or
similar equivalence ratio which is shown in thefpenance tables. The performance tables
also include the process parameters which areitimealss or pellet feed rate and the air feed
rate, the gas composition including all the majasification species such as the CO @
and CH. The mass balance was calculated using the nitrbgiance equations as explained
in section 4.4 The performance quality assessngewbimpleted using certain parameters
such as the higher heating value (HHV), the cold gHiciency, the carbon conversion
efficiency, CO/CQ ratio, the mass conversion factor, the specifiergy rate and the
gasification rate which were all explained in sectd.4. The results in bold (in the Tables)
are those test results that are used later ompare the pellets between them.

In the Table 6.1 it can be seen the performandbheod mm oilseed rape straw pellets within
the range of 0.3-0.35 of equivalence ratio (ER)e TO production is within the range of 9-
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12% while the HHV doesn’t exceed the 3.2 M3/@arbon conversion reach the range of 50-
60% while the cold gas efficiency is within the ganof 20-35%. The amount of the
hydrocarbons converted is between 0.38-0.55 asshown by the mass conversion factor.
Furthermore, the specific energy rate and the igatidn rate reach a little more than 1100
MJ/n’*h and 80 kg/rfth respectively.

Table 6.1: Performance of the 5 mm oilseed rapavgpellets in a downdraft gasifier within
the ER range: 0.3-0.35

OSRS pellet type

1 2 2 2 3 4
Biomass feed (kg/h) 7.6 7.6 7.6 7.8 7.3 7.2
Air feed (I/minf® 230" 210? 240% 240% 200" 200"
Equivalence ratio 0.33 0.3 0.35 0.35 0.33 0.33
Average CcO 11.34 12.3 111 11.15 8.9 9.2
gas CGo, 15.1 14.8 15.2 14.9 15.8 15.8
composition H, 8.3 9.3 8.5 7.95 6.44 5.7
CH, 1.14 1.18 1 0.97 0.9 1
N, 64.12 62.51 64.2 65.03 67.96 68.3
Gas yield (MYKGyiomas) 2.25 2.1 2.34 2.25 1.92 1.94
HHV (MJ/m®) 2.94 3.2 2.88 2.8 2.3 2.29
Cold gas efficiency (%) 34.6 35 35 33 23 23
Carbon conversion efficiency (%)  59.3 57 61 58 50 51
CO/CQ ratio 0.75 0.83 0.73 0.75 0.563 0.582
Mass conversion factor 0.53 0.53 0.545 0.5 0.38 0.385
Specific energy rate (MJ/frth) 1111 1136 1135 1091 714 705
Gasification rate (kg/fh) 80 80 82 78 54.9 55

(1)Error: <5%, £11.5 I/min
(2)Error: <5%, £10.5 I/min
(3)Error: <5%, +12 I/min
(4)Error: <5%, +10 I/min

A disadvantage observed during the oilseed ramavstrasification was the general poor
performance concerning the CO production as ithmws by the CO/C@ratio which is
always remains below 1. A detailed comparison betwgellets and the reasons that led to

this performance are discussed in the followinggeaphs.

The Figures 6.1-6.6 represent a sample of the d@ftrghsification of the 5 mm oilseed rape

straw pellets.
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Figures 6.1 and 6.2 show the online temperaturiél@and the gas composition of the type 1
(MC: 5-8%, PS: 3 mm and DD: 5 mm) pellets respetyivas they were gasified in a
downdraft rig. Similarly, the Figures 6.3-6.6 shaWwe temperature profiles and gas
compositions for the types of pellets 2 (MC: 5-8&;: 6 mm and DD: 5 mm) and 3 (MC: 14-
17%, PS: 3 mm and DD: 5 mm).
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Figure 6.5: OSRS pellets type 3 temperature profile
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As it can be seen from the Figures 6.1-6.6, thepezaiure during the tests remained
relatively constant at around 8@ The temperature plays a major role in the gzifin
process and great efforts were made to ensurestensy in every test. However, due to the
self-sustaining nature of the gasification procdbs, temperature was always affected by
numerous parameters such as the air feed ratdnanye of the pellet, pellet size, amount of
ash and quality and bed agglomerates. Thus, kegbigequivalence ratio similar and
without providing any continuous external heat seuthe comparison between the pellets
actually demonstrate if the temperature was aftebiethe pelleting parameters. Although it
is expected that there is a relation between tletdggpe and gasification performance it is
not easy to quantify this relation. Including tretf that gasification performances always
have differences between them even when consigterdess parameters are used, the
temperature does not escape this general ruleifecedces are observed in the temperature
between the tests even when the same process pararage used. Thus the differences in
temperature will be mentioned in this project, ahdy will be treated mostly as direct

influence of the gasification quality as well ageef of the process parameters.

6.1.2 Downdraft gasification of 18 mm OSR straw pé&dts

There was a number of practical issues in gasififiege pellets and the actual results can be
seen in Table 6.2. The extremely low productioncombustible gaseous species and the
really high production of C@is evident in the experiments. The equivalende (&R) could

not be kept constant due to the effort that wasemadrder to find a successful method of
gasifying this material. A range of air feed ratems used from 70 to 240 I/min but without
success. In all the tests, the production of CCsdut exceed the 1%mol and the amount of

110



CO; never falls below the 16%mol. Similarly, the otlmembustible gaseous products such
as the H and the CH have very low percentages. Consequently, all tegopnance
parameters such as HHV, cold gas efficiency, massearsion factor, specific energy rate,
gasification rate and the CO/G@atio are extremely low. The only performance paeter
that is worth mentioning is the carbon conversitiiciency which in certain case reaches 50-
60% however the carbon in the fuel, in this cases vonverted mostly to GO

Table 6.2: Performance of the 18mm oilseed rapevgbellets in a downdraft gasifier
OSRS pellet type

5 5 6 7 8
Biomass feed (kg/h) 3.8 3.8 3.9 3.5 4.3
Air feed (I/min) 186" 702 240% 1409 220
Equivalence ratio 0.52 0.2 0.6 0.48 0.61
Average (6{0) 0.2 0.2 0.41 0.5 0.23
gas CG, 17.1 16.6 17.3 17.3 17.05
composition H, 0 0 0 0.11 0
CH, 0.1 0.1 0.1 0.08 0.08
N, 82.6 83.1 82.19 82.01 82.64
Gas yield (MYkgyiomas) 2.73 1.05 3.57 2.32 2.95
HHV (MJ/m®) 0.065 0.065 0.092 0.109 0.06
Cold gas efficiency (%) 0.9 0.4 1.76 1.3 0.95
Carbon conversion efficiency (%) 45 17 60.1 41.9 51.6
CO/CQ ratio 0.0117 0.012 0.024 0.029 0.0135
Mass conversion factor 0.082 0.02 0.14 0.095 0.086
Specific energy rate (MJ/frth) 15 6 28 20 17
Gasification rate (kg/fth) 6 1.4 11 7 7

(1)Error: <5%, 9 I/min

(2)Error: <5%, +3.5 I/min

(3)Error: <5%, +12 I/min

(4)Error: <5%, +7 I/min

(5)Error: <5%, +11 I/min

There could be numerous reasons for the failutee®f8 mm pellets to be gasified. A reason
could be the inability of the downdraft gasifier terate large fuel sizes. This trait of the
downdraft gasification units is generally appli@dnbost of the downdraft gasification rigs
and thus it is safe to say that the results coalditmilar in other downdraft rigs as would be

discussed later or at least the difficulty of gagifthese pellets would be recognized.
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Figure 6.8: OSRS pellets type 5 gas composition

Figures 6.7 and 6.8 show the temperature profitethe online gas composition of the type 5
(MC: 5-8%, PS: 3 mm and DD: 18 mm) oilseed rapavsfpellets. The temperature reached,
around 908C, even increasing to over 1000 This is evident of the lack of gas production.
No heat was dissipated for the gas production lansl the temperature has increased. The gas
composition shows that GOreached its maximum values at the highest tempest
indicating that combustion was the major thermatvession process during these tests.
Comparing Figure 6.7 with Figures 6.1, 6.3 and(Ghperatures of the gasification tests of
5 mm pellets) it is observed that the heat transgftr along the bed was not the issue as the
heat transfer rate of the 5 mm pellets and the @8pellets is similar. This is observed by
considering thermocouple 2 (TC2) in the graphs wisbow that the temperature in this
region of the bed increased at nearly the same itn@@&ning that the heat transfer rate was

similar in all the tests despite the different pedlizes.
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Figure 6.10: OSRS pellets type 7 gas composition

The Figures 6.9 and 6.10 show the temperaturel@rafid the gas compaosition respectively
for the gasification trial of pellet type 7 (MC: 14%, PS: 3 mm and DD: 18 mm). The
results of this test are also shown in Table 62ae similar to all other results of the 18 mm
pellets except one small difference; It is evidardmall spike of gas production shown in
Figure 6.10 at around the BGninute. The rapid increase of combustible gasemesies
occurred due to the manual bed agitation. Thetliletop of the gasifier was opened and by
using a metallic rod, the bed was agitated (or ojixer exactly 1 minute. The opening of the
lid can be observed in Figure 6.9 at around theestame that the temperature in TC2 drops
rapidly. Immediately after the agitation, combukgigaseous products are produced. In order
to test that the increase of gaseous species wasodilne bed agitation and not due to the
opening of the lid, the lid was reopened after atuminutes (around 18minute) but this
time without agitating the bed. This time there wassyngas production and although it
would require more testing in better controllabtanditions it should be considered that the
bed agitation would improve the gasification pemiance of the 18mm oilseed rape straw

pellets. The method was not tested in other typgeltets thus it would be interesting to see
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if there would be an increase in the performantegbet types that already have shown high
performance. Furthermore the method could be peddrautomatically with another type of
grate. Rotating grates could be an alternativetisolufor improving the flexibility of the

downdraft gasification unit, so that to allow extee values of sizes. A rotating grate could
also improve the gasification performance for aaptieason, which is the more efficient ash

removal.

6.1.3 Relationship between downdraft gasification process and pellet qualit

The first set of graphs in Figure 6.11 shows thatimship between the pellet density and
the gasification quality parameters. In Figure &.1e relationship of pellet density and the
higher heating value of the product gas is showis tlear that the pellets manufactured
from the wet feed (14-17% moisture) have highersdgnand the product gas heating value
is lower. Between the pellets manufactured frond feéth similar moisture content, the
pellet density shows no relationship with the higheating value. For example the first two
points in the graph that represent the pellet tyjpead 2 (manufactured from dry feed) show
no difference in the gas heating value indicatimat @t least within the range of 50 kg/m
difference the heating value does not change wihaage of the pellet density. Figure 6.11b
shows the relationship between pellet density aid gas efficiency and similar as before,
the wet feed manufactured pellets have higher tiehst the product gas has lower cold gas
efficiency in comparison to the pellets that wer@nofactured using the dry feed. The figure
6.11c represents the relationship between the pacbaversion efficiency and the pellet
density. The 18 mm pellets were added in this [Eigiespite the fact that there was no
combustible gas that was formed but neverthelesscéinbon was converted to €0t is
evident from this graph the slightly negative trésedween the pellet density and the carbon
conversion efficiency. The higher the pellet densite lower the conversion of the fuel
carbon that takes place. This is due to the fatttie denser pellets are less porous and thus
prevented the good interaction between the gagifgigents or the combustion products and

the char.

Similar correlations can be observed in the follmyvgraphs. The correlation between the
CO/CG ratio and pellet density points out the lessedpation of CO using denser pellets
that were manufactured from the wet feed. Simiémults are found in the correlation of

pellet density with the mass conversion factor, gpecific energy rate and the gasification
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rate. It is evident from this set of graphs that tiet feed resulted in an increased pellet
density and their combination resulted in decreagesification efficiency. The pellet pairs
manufactured from the same feed (‘1,2’ and ‘3,dgspite having slightly different pellet
densities, have no difference large enough tofjustidecreased performance. Pellets that
were manufactured from a feed of similar moistuositent, even if they have slightly
different pellet density, are more likely to havmitar gasification performance. However,
pellets manufactured using feed with different mois contents is more likely that their
performance would be different and most probabdyrtpellet densities would be different as
well with the pellets manufactured from the wetdfesll show higher densities and lower

gasification performance.
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Figure 6.11: Relationship of the pellet densityhwihie gasification quality parameters,
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conversion efficiency, d)Pellet density — CO/CORddlet density — Mass conversion factor,

f)Pellet density — specific energy rate, g) Palletsity — gasification rate
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The graphs in Figure 6.12 show the relationshipvbeh the bulk density of the pellets and
the gasification quality parameters. In Figure @.112e correlation between bulk density and
the higher heating value of the gas is shown. Trsetivo points represent the bulk density of

the pellets manufactured from the wet feed, whiclower than the bulk density of the pellets
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that were manufactured from the dry feed. In gdnie increased bulk density is related
with an increased HHV. Similar relations appear fioe 5 mm pellets for all the other
gasification quality characteristics. Concerning ttarbon conversion efficiency the 5 mm
pellets show similar relations, however the 18 netieps do not (Figure 6.12c). Similarly,
the gasification rate is not clear as shown in Fedu12g for the 18 mm pellets. Pellets which
are tolerable for the downdraft gasifier and macufieed using wet feed are more likely to
have lesser bulk density and also decreased gdgificperformance. On the contrary, pellets
manufactured from the dry feed, showed an increbaéiddensity which was also correlated
with an increased gasification performance. Conngronly the 5 mm pellets, the bulk
density of the pellets manufactured from similaadigwet or dry) is too identical to identify
any changes that might occur in the gasificatioriopmance using exactly the same pellets
but different bulk densities.

The set of graphs provided in Figure 6.13 show ridationship of durability with the
gasification quality parameters. In the Figure .13 can observe the correlation between
the durability and the gas higher heating valu&kelthe previous set of graphs, the
relationships for the 5 mm pellets are generallsitpee. Figure 6.13a indicates that a higher
durability may yield an increased HHV. The samagpplied to the rest of the gasification
guality parameters. Once more the relation is nearcin the case of 18 mm pellets
concerning durability and carbon conversion efficie and gasification rate. In general the
pellets manufactured by using the wet feed extdbi@ver durability and the lower
durability is related with a decreased gasificappenformance.
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Figure 6.13: Relationship of the pellet durabilitith the gasification quality parameters,
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6.1.4 Effect of pelleting parameters on the downdraft gasification process

This section discusses the effect of the pelleagameters on the gasification quality

parameters. The pelleting parameters are:

1. feedstock moisture content
2. feedstock particle size
3. die diameter

and the gasification quality parameters are:

higher heating value

cold gas efficiency

carbon conversion efficiency
COICG ratio

mass conversion factor
specific energy rate
gasification rate

NooprwdE

Graphs are presented in Figures 6.14-6.16 foroatlbinations except for the 18 mm which is
only shown in the graphs concerning the carbon exsmen efficiency and the gasification
rate. The entire 18 mm range is represented onlthéodie diameter graphs, which it cannot
be avoided because a comparison is made betweamtilkeand large pellets for downdraft

gasification.

Figure 6.14 shows the effect of the feedstock romstontent (dry feed: 5-8%wt and wet
feed: 14-17%wt) with the gasification quality paegers. The feedstock moisture content has
an enormous effect on the quality of the pelletsctvim turn is reflected upon the quality of
the gasification process. More specifically, thghhieedstock moisture content is related with
lower heating value and lower cold gas efficiensyitas shown in graphs 48a and 48b. The
reason is that the pellets manufactured by thefeext have also higher moisture content
themselves, and also that the durability and bwdksiy of these pellets is lower. The
decreased durability is an indicator of increasatunt of fines which may hinder the
passage of air through the grate. Furthermores fare more likely to be combusted rapidly
and not form char which is essential for the praidmcof gaseous species.

Similarly, the relation applies to the carbon casien efficiency to both 5 mm and 18 mm
pellets. The effect is also evident on the CO/C&io indicating the low production of CO
with increased moisture, and on the mass convefamaor indicating the overall decrease in
the gasifier performance due to the dissipatiorexifa energy for the evaporation of the
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additional moisture. In turn the effect concerrsoahe specific energy and gasification rates
by which the drop in both rates points out the gandrop in performance with extreme high

feedstock moisture.

A very dry feedstock requires more energy to bdtdedh (dryers etc) but it will also

provide a better gas in comparison to the very fe@etl. The optimal solution would be a
feedstock moisture of between 8-14%wt; within thisisture range, the benefits of both
aspects are achieved in that the material is doygm to be gasified, yet wet enough to be

pelletised.
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moisture — Carbon conversion efficiency, d)Feedstoisture — CO/CO2, e)Feedstock
moisture — Mass conversion factor, f)Feedstock tams- specific energy rate, g)Feedstock
moisture — gasification rate

ke/m*h)

Figure 6.15 shows the effect of feedstock parsete on the gasification quality parameters.
All the results indicate that particle size have influence in any gasification quality
parameter with one exception. The carbon conversfboiency in the case of the 18 mm
pellets seems to increase with an increase ofdhéle size but it cannot be proven because
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the tests with the higher carbon conversion are tie tests with the higher equivalence

ratio.
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Figure 6.16 shows the effect of die diameter (5 amd 18 mm nominal diameter) upon the

downdraft gasification quality parameters. In thestrof the cases the effect it is very clear in
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that the smaller pellets gasified whereas the laajkets did not. The main reason for this is
the lack of tolerance of a downdraft gasificationtdor fuels of large sizes. The reason for
that will be better explained in the next section.
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In Figure 6.16¢c, shows the effect of the die diamen the carbon conversion efficiency

where the carbon conversion for the pairs ‘2,6° &h@' are the same. This could be a
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coincidence due to the fact that the tests 6 ane@r@ performed in high equivalence ratios.
Furthermore, another interesting result is the evigkffect of the moisture content. In every
graph, the pellets manufactured using the wet &edved lower response in comparison to
the pellets manufactured using the dry feed.

6.1.5 Discussion

The initial effects upon the pellets were creatgdhe pelleting manufacturing properties.
The properties under investigation here are thesteek moisture content, the feedstock
particle size and the die diameter. These pelleprgperties were related with the pellet

quality in the previous sections and in turn wedated with gasification performance.

One of the most important parameters of the petlahufacturing process is the moisture
content of the feedstock. In fact, the use of mgbisture content feedstock formed pellets
with a slightly higher pellet density, lower bullertsity and lower durability. The two last

properties are connected, due to the fact thatvarlaurability is the indicator of increased

amount of fines and the bulk of fines have alwayslter density than the bulk of pellets as
we have already shown. Furthermore, the increasedsfock moisture content resulted in
pellets with higher moisture content. Thus there awo different effects of feedstock

moisture on the pellets. Firstly, the fact that theisture content of the pellets themselves
have increased with increased feedstock moistunteny and secondly the fact that the
increased feedstock moisture content have chargednechanical characteristics and the

guality parameters of the pellets.

The literature provides extensive data and prooivbét happens in the case of increased
moisture content in a biomass fuel. The generabnan literature is an increase 0p,HCO,

and CH and the decrease of CO gas percentage with agaseiof the moisture content and
furthermore, the decrease of the gas heating valveported [116, 117, 118]. In addition,
lower conversion, pyrolysis and gasification redes reported, that caused by the decrease of
the temperature due to the increased moisture moata the heat loss due to the water
evaporation [82, 119, 69].

Furthermore, it is reported that the increased mscontent it is also a cause for the decline
of the cold gas efficiency and the conversion edfficy which is caused by the higher
concentration of C®and the lower of CO and also the incomplete watdization [120].
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The most of the cases mentioned, were observdteiaxperiments and analysis discussed in
this chapter with one exception: the increased amotiH, and CH. In fact, in the case of
the wet pellets, the percentage ofdathd CH was lower or at most equal to the one of the dry
pellets. This could be due to the fact that théepehoisture isn’t as significantly different as
to justify such large effects on the percentaggasieous species. Thus, it can be said that the
effects caused by the feedstock moisture conteah upe physical characteristics of the
pellets, in this case were greater than the acdta@bture content of the pellets, which
regardless did also play a considerable role.

The increased feedstock moisture had a positieeeffpon the pellet density, and a negative
effect upon the bulk density and the durabilitytloé pellets, especially the in 5 mm pellets.
At the same time the feedstock particle size didhave any considerable effect upon the
three pellet quality parameters while the die digaméad a positive effect in all of them.
Although some clear correlations were made betwden parameters in the previous
chapters, one of the important outcomes of thipteravas the complete failure of gasifing
the large OSRS pellets in a downdraft gasifier.e&planation of this effect will follow along

with an explanation of the rest of the phenomenavlere observed previously.

Gasification is an extremely complex conversioncpss involving homogenous and
heterogeneous, exothermic and endothermic reactiomgsification, chemical reaction and
transport phenomena play a role in the overall emign. At low temperatures the rate
determining factor is the chemical reaction, buiigh temperatures the pore-diffusion is the
controlling step [121]. The process of gasificatgenerally occurs only in a thin zone on the
particle surface while the internal pore structiréhe particle remains essentially intact. The
increase of temperature in high values and thendet® time of exposure can cause thermal
annealing (structural re-ordering of the amorphbiggnass) resulting in a decrease of the
concentration of active sites [122]. Thermal aningalvas observed in the gasification of the
large 18 mm pellets. Typically in low heating ratdse particle porosity allows the volatile
release with no major deformations of the char ma@®n the other hand, in high heating
rates the char and cell structure may melt afterdéwvolatilization and plastic deformations
are likely to occur [123]. This is one possibles@a of the low quality of gasification of the
18 mm pellets and the large agglomerates that feenged in the bed (Figure 6.17). In this
case, volatiles were combusted, rapidly increasimglocal bed temperature; Due to the
limited amount of available active sites and lowesction rates because of their higher pellet
density, the endothermic gasification reactions rtl occur. The decreased effect of pore
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diffusion could also explain the decrease of tha&fgation efficiency with all the pellets that
had higher pellet density.

<
N

ﬁoh of OSRS pellets of: a)type
2, b)type 8, c) type 7 (scale: 15 cm ruler)

The heat transfer by radiation is the main causéh® initiation of the pyrolysis of biomass.
The incandescent particles heat up the gas-airunegtand the mixed gases combust
producing more energy. This energy is emitted beckhe solid particles through heat
transfer by radiation and at that point the temijpeeaof the solid biomass increases. It is also
at this point that char oxidation reactions takésceg This cycle is also used to dry and
pyrolise the fresh biomass that enters the redtt]. It is clear here that since the active
sites of the 18 mm pellets are in limited numbehg char oxidation after the volatile
combustion becomes the dominant conversion methtdtedarge pellets since the oxidation
reactions are by far more rapid than the reductemactions. In addition the channelling
formed because of the melting of biomass cells wu¢he high temperatures could also
explain the behaviour of the large pellets. Thegagnproduction is affected by the bed’s
available reactive area which is a function of degree of channeling in the bed [125]. The
conversion of the large pellets was unsuccessfchuse there were no reduction reactions

taking place.
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There could be other reasons for the failure ofliienm pellets to be gasified. In general the
individual pellets in the bed have larger spacevbeh them in the 18 mm pellet's case than
in the 5 mm pellet’s case. The porosity of the d¥et is the dominant factor of pressure drop
[126] and in our case since the gasification unirks by sucking air (inducing negative
pressure) and not blowing air could have just ghssdigh velocities without any difficulty,
which could be one more reason for the quickesttic@s (oxidation reactions) to occur. The
bulk bed porosity can be seen in the Table 6.3.

Table 6.3: Bed porosity of the OSRS, Miscanthus@D&S pellets

Pellet type Bed porosity (%)
5mm OSRS 31.25 +6.8
18mm OSRS 37.2 4

E-on Miscanthus 19.9
DDGS 30.1

One study suggests that pellets with differentssizave different gasification rates but no
different pyrolysis rates; the larger the pellettise slower the gasification would be [78].
Furthermore the smaller the particle diameter @ws Ithan 0.5 cm) leads to an improved
conversion efficiency due to the fewer diffusiodahitations [82]. On the contrary, a
different study suggested that the particle size &a effect upon the pyrolysis time; the
larger the size is, the longest the pyrolysis twwild be at similar temperatures [69]. A
different study suggests that the heating rateymolpsis phase is a function of the particle
size. In large particle sizes the heating condstiare different on the surface than the internal
part of the particle. Thus, the reactivity decreafe char that was produced from thick or
densified particles [73]. In addition, pellets wittyher density resulted in a higher char yield
[78].

It is generally assumed that an increase in thenass size promotes the internal heat transfer
resistance, results in greater temperature graientthe biomass particle and lower
temperatures in the internal than in the exterhti@® particle. Thus it is typical that the small
particle sizes lead to higher gas yield and carmversion efficiency. However, there are
other cases where there is no clear indicatiomisfdffect and also cases that the changes in
particle porosity result in a decline of the reatyi with a decreasing particle size [127].
Furthermore the same study suggested that whilbeasame gasification temperature, the
smaller the particle size is, the weaker the imfgeof residence time is, and that a reduced
period of time required for completion of gasificat The reason for the latter could be the

128



increased heat transfer characteristics of thevidadh in turn is a result of the increased
thermal conductivity of the particles resulting ically in a higher speed of reaction [127].

The general results of the study showed that res&léime was more important than the
particle size and at higher temperatures decretee@ffect of particle size. The effect of
particle size (0.15-3 cm) on the gas yield and ¢hsbon conversion efficiency was not
significant [127]. Thus it is important to pointtdhe different opinions in the literature about
the effect of size on char gasification [128]. Thsuld be due to the differences in the

catalytic effect of the different ashes among tioenass fuels.

The char yield from large pellets is higher thaa thar yield from small pellets. Possible
explanations could be the increased heat traneféstance, the decomposition of the outer
layer of the large pellets and the collapse of pbees that leads to prevention of mass
transport due to the possible longer residencestiame high temperature flames. Another
explanation could be the melting of the ash witliea pellets especially in the large pellets
due to the fact that they were exposed in high &ratpres for a longer period of time in

comparison with the small pellets [129].

Concerning the char gasification thermodynamics $hown in the literature that the amount
of carbon that reacts with the pyrolysis produstmited by the heat content of the pyrolysis
products. Thus the Boudouard reaction is generaltpmplete in downdraft gasifiers
(possibly 1-5% char remains) due to the endothemaicire of the gasification reactions.
There are also mechanical reasons for the incommlear gasification in the downdraft
gasifiers. In fact, when char reacts with the costibn products these reactions occur mainly
at the inner surfaces of the biomass. Under thesditions the thinner parts of the structure
will be dissipated first leaving the cell wall vieds as fine dust. The fine dust is then
entrained with the gas flow [130]. However, Stahdi al reports a decrease in size of
charcoal particles (10-30 mm) with conversion als aeported the stability of density at
constant levels until 75% conversion which onesambrcould mean that the gasification

process takes place on the outer shell of the ochbparticles [128].

In general, the consumption rate is inversely prigoal to the biomass size due to the
increased reaction area in smaller particle siz24][ But usually it is not as simple for coals.
It was found for coals that the bituminous coaltthas a larger surface area than the
anthracite has a smaller measured reactivity. fiteans that the magnitude of the surface
area is not the dominant factor for the reactiaityl the gasification in general but rather the
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guality of the surface and the accessibility o$ thirface. So there is a difference between the
total surface area and the active surface areabsfiye correlation was found between the
active surface area and reactivity [121]. The iigggtof coals drops with the particle size as
mentioned in the study [121]. The active and abéglaarbon sites are a factor with higher
weight in the gasification in comparison to theataurface area of the char which have no
relevance to the reactivity [131]. Furthermore,tle case of the most of the coals, the
reactivity decreases with an increasing conversiut. for the most of the biomass the
reactivity increases with increasing conversion2]1®hich it could be possible due to the
catalytic behaviour of the ash.

Concerning the durability, the pellets with lowerability (more fragile) could create a char
dust layer above the grate and that could lead rap®l increase of pressure drop and the
prevention of the gases to pass through [129] heptti a decreasing gasification efficiency.
The low durability pellets formed fines which alseacted in a different manner in
comparison with the pellets. For fine particles Menal, showed a decline of reactivity as
particle size increases. The authors attributed, tloi the larger surface area of the fine
(smaller) particles; also implying that pore diffus is limiting the reaction rate in any
particle size except the fine particles [133]. tdiéion, for particle sizes below 1 mm, the
pyrolysis process is controlled by the primary pyss reactions but for particles greater
than 1 mm, is controlled primary and secondaryalsd the heat transfer. As the particle size
and the pyrolysis temperature increases the inmgfabtie secondary reactions and the impact
of heat transfer increases [134]. Thus, the findigles formed from pellets with low
durability appear to cause certain phenomena. @nhamd, they rapidly convert with no
diffusion limitations, thus having different reaarti rates than the pellets, and on the other,
they quickly form a layer of ash and inert charttbauld hinder the passage of the gases
through the grate. Furthermore, only the primaryolygis reactions are responsible for the
conversion of fine particle which it could leadth® increased amount of tar production. This
could be one of the reasons for the lower gasifinaefficiency from pellet with lower
durability.

In summary, the main phenomena that were obsemwdgithe downdraft gasification of the
OSRS pellets were the feedstock moisture conteshttlam die diameter while the feedstock
particle size have no effect upon the gasificapoocess. The increase of feedstock moisture
increases the pellet density which may lead to fomeactivity of the biomass, as well as
increasing the moisture of the pellet themselveslitey to further reduction of conversion.
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Pellet durability has also an impact for the reasmentioned in the previous paragraph. The
size of the pellets played a great role in the dibrait gasification process. The 18 mm

pellets could not be gasified due to numerous regsuch as the melt of the outer layers, the
agglomeration, the channelling, the increased teatpe gradients, the bed porosity, the
higher densities and the decreased amount of amdnm®n sites.

6.2 Spouted fluidised bed gasification of oilseeghe straw pellets

This section discusses the performance of the enllsape straw pellets in the spouted
fluidised bed gasification unit. In the followinglssections, the gasification performance of
the 5 mm, in the first section, and the 18 mm eicosid section, OSRS pellets will be shown.
In the subsections that follow, the spouted fliedied gasification process is correlated
with the pellet quality and in the next subsectiath the pelleting parameters. Lastly, the

results are discussed in the last subsection.

6.2.1 Gasification of the 5 mm OSRS pellets

The results of the gasification of the 5 mm OSRI®fseare presented in Table 6.4 in the ER
range of 0.16-0.25. Results from Table 6.4, wekertafor comparisons later on (in the

graphs). Bold letters are used to denote the Ntheofest that was used for this purpose.

The data in Table 6.4 were slightly different. T®® percentage lay within the range of 4.4-
8.6% while the C@ percentage is steadily retained in high levels.réaches the 5%
production, with values as low as 1.1% while ,Cldy within the range of 0.9-3.1%.
Consequently, the heating value of the gas reachiMg/n? with values as low as 1 MJ/m
The cold gas efficiency reaches as high as 21.5%thwe lowest value of 7.2%. On the other
hand, the range of carbon conversion efficiencghred values only as high as 42% with the
lowest values close to 29%. The main reason fariththe low amount of air feed input in
which low amounts of fuel were converted (mostlYCi@,). Nevertheless, the values of Table
6.4 were chosen to be compared with the table sadfighe next section due to the similar

ER range. Further data for spout bed gasificatidnhram pellets are in Appendix B.
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Table 6.4: Performance of the 5 mm oilseed raavspellets in a spouted fluidised bed
gasifier within the ER range: 0.16-0.25

OSRS pellet type

1 2 2 3 3 4 4
Biomass feed (kg/h) B 6 79 79 6 9.5% 9.5%
Air feed (I/min) 125" 1259 1259 1259 1259 175° 1259
Equivalence ratio 0.23 0.23 0.2 0.21 0.25 0.22 0.16
Average CcO 8.43 8.06 9.4 6.9 4.4 6.95 8.6
gas CO, 18.5 17.6 19 17.7 16.9 17.4 18.6
composition H, 4.2 3.8 5 2.52 1.1 2.63 4.8
CH, 2.46 2.4 3.1 1.73 0.9 1.87 2.5
N, 66.41 68.14 63.5 71.15 76.7 71.15 65.5
Gas yield (MYKGyiomas) 15 1.46 1.34 1.2 1.3 1.23 0.96
HHV (MJ/m?) 2.6 2.47 3 1.88 1.06 1.96 2.7
Cold gas efficiency (%) 20.2 18.9 21.5 11.7 7.2 512. 13.3
Carbon conversion efficiency (%) 42 39.1 40.5 31.7 29 32.6 28.7
CO/CQ ratio 0.455 0.458 0.49 0.39 0.26 0.399 0.46
Mass conversion factor 0.4 0.34 0.42 0.238 0.152 24 0. 0.26
Specific energy rate (MJ/Ath) 1295 1209 1614 879 460 1280 1367
Gasification rate (kg/fth) 120 102 146 84 46 115 126

(1)Error (SD): £0.375kg
(2)Error (SD): £0.37kg
(3)Error (SD): +0.376kg
(4)Error: <5%, £6.25 I/min
(5)Error: <5%, £8.75 I/min

Temperature profiles and gas compositions are pteddn the Figures 6.18-6.21. Efforts
were made to keep the temperature below 800@%ie to the reason that bed was de-
fluidizing every time the temperature was exceedihs value. The temperature was

controlled by injection of appropriate quantitigshdrogen.
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Figure 6.18: OSRS pellets type 1 temperature grafila spouted fluidised bed gasifier
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Figure 6.19: OSRS pellets type 1 gas compositianspouted fluidised bed gasifier

Figures 6.18 and 6.19 present the graphs for teatyer profile and gas composition
respectively for the spout bed gasification of OShHlets type 1. As it can be seen the
temperature was kept below the 800-850to avoid de-fluidization. The first three
thermocouples (TC1-3) in Figure 6.18 representehgperature in three different sections of
the bed, and as it can be observed, they overlap @her which mean that the bed sand is
circulated and mixes well without any de-fluidizatiobserved. The two next thermocouples
(TC4 and 5) represent the temperature just abavbdld and into the freeboard and it is clear
that the temperatures here are lower than thahefbed. Figure 6.19 shows the online
measurement of gas composition. The compositidhefjaseous species remained constant
throughout the whole test although minor changeth@input biomass and air feed was

always tried to understand the process better elnié\ee better results.

Temperature (°C)

;'ime (mini'
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Figure 6.20: OSRS pellets type 4 temperature grafila spouted fluidised bed gasifier
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Figure 6.21: OSRS pellets type 4 gas compositianspouted fluidised bed gasifier

Efforts were made to improve the gasification édincy of the OSRS pellets in various ways
because the efficiency was not as high as oth&s peesented in the literature. An example
of these efforts is shown in Figure 6.21 in whiblk butput gas concentration is shown after
the alteration of the input biomass and air feedddmns. The first half part (0-70 minute)

shows an upward trend in syngas and represents difesv in the range between 0.3
decreasing to 0.22. The second half (70-140 mimef@esents ER values from 0.22 to 0.11.
The big advantage of the spouted fluidised bedsridpat any minor alterations made in the
input conditions, the output signal was immediatelsponding and quickly reaching the new
steady state condition (between 5 and 10 minutes).major changes of the input conditions
could reach the steady state within 20 minutes.s Tiaict helped whenever different

combinations of input conditions were implemented.

6.2.2 Gasification of the 18 mm OSRS pellets

In this subsection the gasification performancehef 18 mm OSRS pellets in a spout bed
gasifier will be presented. An important remarkhrs section is that, after the exhaustion of
all possible combinations in order to increasegasification efficiency of the OSRS pellets,
it was found to be prudent to mix the OSRS pelNath Miscanthus pellets and investigate
the outcome. The type 8 of OSRS pellets were féd the gasifier, mixed with E-On

Miscanthus pellets at a percentage of 50-50%. ltierreason, the type 8 OSRS pellets will
be treated as a co-gasification test at 1:1 rativeight. Furthermore, once again, the bold
numbering represents the tests that were chosetihdocomparison of the parameters later

on.
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In Table 6.5 the results within the ER range 0.250are shown. CO varies from 6.1 to
12.1% and the CQis high in the most of the cases. The percentafe$, and CH are
within the ranges of 3-8.4% and 1.5-3.6% respelstivEhe gas yield reaching the 1.51
m/kg, with a minimum of 1.265 ffkg, while the gas heating value reaches the velue
MJ/m?®, with a minimum value of 1.78 MJAnThe cold gas efficiency lay in the range of
11.7-31.9% while the carbon conversion efficiengy in the range of 29.8-54.6%. Further
data for the spouted fluidised bed gasificatiod®imm pellets are in Appendix B.

Table 6.5: Performance of the 18 mm oilseed rajpavgbellets in a spouted fluidised bed
gasifier within the ER range: 0.21-0.25
OSRS pellet type

5 6 7 8 8
Biomass feed (kg/h) 85 6.59 6.5% 7.05° 8.05"
Air feed (I/min) 17%) 125° 125° 1259 150"
Equivalence ratio 0.227 0.21 0.23 0.23 0.245
Average CO 6.9 6.8 6.1 9.75 12.1
gas CGo, 18.7 15.7 16.8 16.9 17.1
composition H, 3.7 3 3.13 8.2 8.4
CH, 1.72 2.05 1.54 2.73 3.6
N, 68.98 72.45 72.43 62.42 58.8
Gas yield (MYKGyiomas) 1.42 1.265 1.27 1.35 1.51
HHV (MJ/m®) 2.03 2.05 1.78 3.36 4
Cold gas efficiency (%) 15 13.6 11.7 23.7 31.9
Carbon conversion efficiency (%)  37.2 29.8 31.3 43.7 54.6
COICQG; ratio 0.369 0.436 0.363 0.58 0.7
Mass conversion factor 0.33 0.194 0.21 0.355 0.485
Specific energy rate (MJ/frth) 1372 942 822 1797 2755
Gasification rate (kg/fh) 141 64 68 131 204

(1)Error (SD): £0.336kg
(2)Error (SD): +0.34kg
(3)Error (SD): £0.374kg
(4)Error (SD): £0.318kg
(5)Error: <5%, +8.75 I/min
(6)Error: <5%, +6.25 I/min
(7)Error: <5%, 7.5 I/min

Figures 6.22 and 6.23 represent an example of ds#ication performance of the 18 mm
pellets. Once again, an effort was made to keepetimperature below 800-8%D to avoid
de-fluidization of the bed. An important remarktimis example that applies to all the 18 mm
pellets gasification is the rapid and enhancedduktoons of the gas composition possibly due
to the large size of the pellets. Despite the faat the velocity of the screw feeder was in
similar levels as in the gasification of the 5 mallgts, the pellets fed in a different manner
somehow more random, thus the formation of fluetuatseen in Figure 6.23.
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Figure 6.22: OSRS pellets type 6 temperature pmilla spouted fluidised bed gasifier
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Figure 6.23: OSRS pellets type 6 gas composﬂmmspouted fluidised bed gasifier

6.2.3 The relationship of spouted fluidised bed gdi&ation process with pellet quality

In Figure 6.24 the relationship between the palensity and the gasification process are
presented. Except in the case of specific enerngyanad the gasification rate, it is seems that
the pellet density is related in a negative manvidr gasification parameters. An important
exception it can be observed in the co-gasificatest which always seems to be either the
highest or among the highest values in each spec#se. Thus, it is not only the pellet
density that plays a role in the gasification pes;ebut instead is the quality of the surface
reactions as it was shown in the previous chapt® §ection 6.1.5).
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Figure 6.24: Relationship of the pellet densityhwitie gasification quality parameters,
a)Pellet density — HHV, b)Pellet density — Cold gé&iency, c)Pellet density — Carbon
conversion efficiency, d)Pellet density — CO/COReadlet density — Mass conversion factor,

f)Pellet density — specific energy rate, g) Pallensity — gasification rate
The correlation of bulk density and the parametérthe gasification process are shown in
Figure 6.25. Similar trend it can be observed fbthe graphs again with the exception of
specific energy rate and gasification rate. It sedhat the trend for the 5 mm pellets is
positive but somehow is not clear for the 18 mnepel Furthermore, the trend of the 5 mm

pellets is similar to one in the case of downdgasification. In overall terms though, the
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bulk density shows a relationship in the case ef2imm pellets but it does not in the case of
the 18 mm pellets. Furthermore, the case of thgasification, shows that in nearly all the

graphs has the highest value.
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Figure 6.26: Relationship of the pellet durabilitith the gasification quality parameters,
a)Pellet durability — HHV, b)Pellet durability — @ogas efficiency, c)Pellet durability —
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conversion factor, f)Pellet durability — specifizceggy rate, g) Pellet durability — gasification
rate
In the case of the relationship of durability witte gasification parameters (Figure 6.26), the
trend once again seems positive in the case of Spallats (except for the cases of specific
energy rate and gasification rate) and unclednencase of the 18 mm pellets. In addition, the

trend in the case of spouted fluidised bed gasiinaseems similar to the one of the
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downdraft gasification (see section 6.1.3) but ppshfor different reasons that will be
discussed. There is an important difference tholrglowndraft gasification, the relationship
of durability with specific energy rate and gasafion rate is clear in the case of 5 mm pellets
but it is not clear in the spouted fluidised bedifjzation.

6.2.4 Effect of pelleting parameters on the spouted fluidised bed gas#tmn process

In this section the effect of the initial pelletipgrameters on the gasification parameters is
presented. Again, type 8 is considered as a cdigmsin test of a mixture of 50% OSRS
pellets and 50% E-On Miscanthus pellets. Thus,bagic comparison will be conducted

using the first three pairs in the graphs to follow

The first set of graphs is shown in Figure 6.27 aeptesents the effect of feedstock moisture
content on the spout bed gasification parametershé cases of the effect of feedstock
moisture content on the HHV, the cold gas efficignibe carbon conversion efficiency and
the mass conversion factor, the trend is quitercldae lower the feedstock moisture content,
the higher the values are. The effect loses itghten the case of the CO/G@atio, possibly
because there are many other factors affectingttéred too, such as the input condition
parameters (even though the ER is similar). Thiedaservation is possibly valid in the case
of specific energy rate and gasification rate. Thisre is also an effect of the initial
condition parameters (biomass, air feed) even wherER is the same. Furthermore, type 8
test had higher values in nearly all cases, exoepe case of mass conversion factor.

The second set of graphs is shown in Figure 6.2Brapresents the effect of feedstock
particle size upon the spout bed gasification patars. It appears that there are minor
differences between pairs with different feedstpekticle size even though every other
parameter is the same, even the initial conditianameters. In most of the cases, the
differences are only minor, which it means thati&eck particle does play a minor role in
the spout bed gasification, something that couldb®observed in the case of downdraft
gasification. The major differences between thespare caused by the differences in the
initial condition parameters, even though the ERéssame.

The third set of graphs is shown in Figure 6.29 @pesents the effect of die diameter upon
the spouted fluidised bed gasification paramet@rsnost of the cases it is clear that the
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smaller the size of the pellet is, the higher tadu®s are in each specific graph with the
exception of the specific energy rate and gasiboatrate. The possible reasons are
mentioned before: the two latter ratios are higiffected by the initial condition parameters,

even with similar ER.
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6.2.5 Discussion

The spout bed technique was presented by MathuGastder [135] as far back as the year
1955, but not as a thermal conversion techniquk.t&lay there is not much experience on
gasification in a spouted fluidised bed. A compariof a fluidising bed and spouted

fluidised bed in the gasification process by Hogual [136], showed a minor difference in

the gas quality between the spout and the fluid Béds, in the discussion that follows is
prudent to also use fluid bed cases from the tileea

Concerning the effect of the feedstock moisturet@mnon the gasification parameters,
similar trends with the downdraft gasification caseere observed. The pellets that were
manufactured from the dry feedstock resulted imé&igyasification efficiency.

As in the downdraft gasification case, the feedstmoisture content affected not only the
pellet moisture content but a series of paramelatswere explained (see section 6.1.5). In
general increasing the moisture content, the, T and heating value is decreasing and the
CO,, H; increasing due to the energy dissipation for thaperation of moisture. Despite
that, higher amount of Hs gained through that energy dissipation [13Tk Tatter could not
be confirmed from our experiments since theirHthe syngas was not higher in the case of
the wet pellets. There are other authors that lawestigated the topic. Sanz and Corella
[138], using a model for a circulating fluid bedsgeer, showed that an increase in moisture
content resulted in an increase of £8, and HO while the CO decreased. They also show
that the CH also increases with increasing moisture but ocotyER values of 0.3 and above
and the lower heating value slightly decreasedhmutatter is compensated by an increase of
the gas yield.

The feedstock particle size did not seem to hayeeffiect on the gasification process but on
the other hand the size of the pellets did haveftatt. The smaller size of biomass particle
is generally related to the increased particlessariarea over the volume ratio which leads to
a higher syngas quality. Hernand#zal [139] conducted tests in an entrained flow gasifie
and concluded that an increase of the size of thmdss material from 0.5-8 mm will
decrease the percentage of CO; &hd CH and will increase the amount of €O
Furthermore they concluded that with the incredspaaticle size there is a decline of the
lower heating value of the gas, the mass conversisnwell as a decline of the cold gas
efficiency. In addition, the gas yield remains lfaronstant in the entire range of sizes. As it
was expected, the smaller the particle size, theeretfficient the heat transfer due to the
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increased patrticle surface area over volume. Thaschar is always expected to be more
porous due to the higher volatile release whickddaa an increase of the reactivity which in
turn leads to a higher number of gasification reast This was also discussed in the
previous chapter (see section 6.1.5), in the ch#t®ealowndraft gasification where the same
phenomenon took place and is reported by many ethdhe literature. If a small particle is
pyrolysed, the reactivity of its char is higherrtha larger particle is pyrolysed and the time
that is necessary for a large particle to achiespeific conversion level also increases [140,
141]. Furthermore, the larger the particle, theatgethe heat resistance is. As the particle
size increases from fine to about 1 mm the kinedistrol gives way to diffusion and heat
transfer control [142, 100]. Thus, diffusion comtrbctates the process for both sizes of
pellets 5 mm and 18 mm but this is not followedpaylets with the lower durability due to

the higher amount of fines that are formed.

The char yield increases with particle diametetathe 4 mm size, due to the fact that the
temperature progresses slower inside large patitk3]. In one more study, it is concluded
that the pyrolysis process is highly dependentherieating rate. Furthermore, the larger the
particles (up to a point) the slower is the heatiaig and thus the pyrolysis conditions are
changing [144]. The differences in the size alsoneated with the ash behaviour; in general
the fines and coarse patrticles tend to yield leas®eunt of alkalis in comparison to the larger
particles [145]. So, it is possible that fines fedrfrom pellets with low durability have lesser
amount of alkalis than the pellets themselves and the catalytic effect of the ash in these
fines is decreased. Furthermore, the smaller thncigasize (in range of 0.2-0.8 mm) the
higher the percentage of CO, &Heating value, carbon conversion efficiency ahe t
smaller the C® [100]. Thus we can conclude that the fines from gellets with lower
durability will exhibit different behaviour from éhpellets themselves. Especially in the case
of the spout bed, the intense mixing could causeettirainment of the char particles with the

flow and thus decrease the gasification behaviour.
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6.3 Gasification of other biomass

In this section the results of the downdraft anduspd fluidised bed gasification of other
biomass feeds that were used throughout the coofrsthis project are presented and
discussed. The biomass feeds are the E-On Miscampllets, DDGS pellets and oilseed
rapes straw as used in the downdraft gasifier aadEtOn Miscanthus pellets as were used in
the spouted fluidised bed gasifier. The presematibthe feeds is followed by an overall
comparison between all the feeds for both gasifard a discussion and comparison with

results taken from the literature.

6.3.1 Downdraft gasification of Miscanthus pellets

In this subchapter the gasification of E-On Misbaust pellets and their utilization in a
downdraft gasifier is presented. In Table 6.6 itsgolesented for escalating equivalence ratio
in the range of 0.25-0.42.

Table 6.6: Performance of the E-On Miscanthus geliea downdraft gasifier with
escalating ER range: 0.25-0.42

E-On Miscanthus pellets test No

1 2 3 4 5 6 7 8 9
Biomass feed (kg/h) 9 8 9.5 8.3 8.3 7.65 8.2 8.2 8.3
Air feed (I/min) 158" 140? 16d® 180 200 200° 220° 2307 240Y
Equivalence ratio 025 026 026 032 035 038 039 041 042
Average CO 10.47 10 1426 1455 155 1552 147 155 151
gas CG, 6.45 114 1207 137 14 11.38 127 136 13.6
composition H, 5.1 6.25 1129 7.6 12 11.1 9 122 115
CH, 1.66 14 1.93 1.7 1.6 1.57 1.6 15 1.34
N> 76.32 7095 6045 6245 56.9 60.43 62 57.2 58.46
Gas yield (MYKQyiomas) 13 117 133 165 202 206 206 234 236
HHV (MJ/m?) 2.6 2.6 4 35 4.125 4 3.65 4.1 3.9
Cold gas efficiency (%) 19 16.4 28.2 309 42 439 40.1 51 49
Carbon conversion efficiency (%) 30 32 45 60 75 70.5 72 86 85
COICQ, ratio 162 0.877 118 1.062 1.107 136 1.157 1.139 111
Mass conversion factor 0.071 0.12 0.29 0.4 0.58 0.448 0.47 0.64 0.62
Specific energy rate (MJAth) 705 545 1117 1057 1526 1394 1360 1740 1688
Gasification rate (kg/fih) 13.7 20 59 71 102 73.3 82 113 110

(1)Error: <5%, +7.5 I/min
(2)Error: <5%, +7 I/min
(3)Error: <5%, +8 I/min
(4)Error: <5%, 9 I/min
(5)Error: <5%, +10 I/min
(6)Error: <5%, +11 I/min
(7)Error: <5%, £11.5 I/min
(8)Error: <5%, +12 I/min
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CO was in the range of 10-15% and the,@®the range of 6-14%. Hay within the range
of 5.1-12.2% and CHwithin the range of 1.34-1.93%. Gas yield alsoedrconsiderably
and lay within the range of 1.17-2.36/ky while the heating value was relatively high &r
gasification reaching values of 4.125 M3/with a minimum value of 2.6 MJ/nThe cold
gas and carbon conversion efficiencies lay withe tange of 16.4-51% and 30-86%
respectively. Good gasification performances cdaddobserved in the higher equivalence

ratios.

The graphical representation of the above can Iserebd in Figure 6.30 where a set of
graphs is presenting the gasification of Miscantpelets within the ER of 0.25-0.42. The

gasification parameters of cold gas efficiencyboarconversion efficiency, mass conversion
factor, specific energy rate and gasification sesems to have an positive correlation with the
increasing equivalence ratio while the parametéS@'CG; ratio and higher heating value

the trend is quite unclear. Even so, a slightlyitpes trend of the heating value can be
detected for an increasing equivalence ratio. Thidd be attributed to the slight decrease of

CH, concentration in the higher equivalence ratios.
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Figure 6.30: Relationship of equivalence ratio viith gasification quality parameters,
Miscanthus pellets, downdraft, a)ER — HHV, b)EReld3gas efficiency, c)ER — Carbon
conversion efficiency, d)ER — CO/CO2, e)ER — Mawmsversion factor, f)ER — specific

energy rate, g)ER — gasification rate

6.3.2 Downdraft gasification of DDGS pellets

In this subchapter the gasification of DDGS pellatsl their utilization in a downdraft

gasifier is presented. In Table 6.7 the resultthefgasification performance are presented.
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CO reaches 11.17% with a minimum value of 4.5% eviiQ reaches 15.4% with a
minimum value of 12.7%. Hhas a maximum value of 5.59% and a minimum of Wwhie
CH, has a maximum value of 1.43% and a minimum of 0.8Be gas yield lay within the
range of 0.96-2.36 Tfkg while the heating value lay within the rangeldf-2.35 MJ/m It is
interesting to point out here that except for the \Ealue of 0.26 in all other cases either in
high or low ER, the heating value was within thega of 2-2.6 MJ/fwhich is a relatively
small range of values. The cold gas and carbonession efficiencies lay within the values
of 7.1-27.9% and 29.8-70% respectively.

Table 6.7: Performance of the DDGS pellets in artraft gasifier with escalating ER
range: 0.2-0.47

DDGS pellets test No

1 2 3 4 5 6
Biomass feed (kg/h) 9 7.6 8.3 4.5 8 4
Air feed (I/min) 136" 1202 160 90® 170 140°
Equivalence ratio 0.2 021 026 027 029 047
Average Cco 8.9 8.34 4.5 11.17 7.46 9.24
gas CO, 12.7 1417 154 139 133 143
composition H, 55 559 1.66 4.8 454 476
CH, 1.3 1.22 0.8 143 1.21 1
N, 71.6 70.68 77.64 68.7 7349 70.7
Gas yield (MYKgyiomas) 09 106 1.18 139 1377 2.36
HHV (MJ/m®) 235 225 1.1 2.6 2 2.17
Cold gas efficiency (%) 12.2 13 7.1 19.7 15 27.9
Carbon conversion efficiency (%) 26.7 30.6 29.8 445 36.7 70
CO/CQ ratio 0.7 0588 0.29 0.8 0.56 0.65
Mass conversion factor 0.11 0.152 0.097 0.26 0.137 0.366
Specific energy rate (MJ/frh) 448 402 239 357 489 452
Gasification rate (kg/fth) 201 231 16.1 23 21.8 29.3

(1)Error: <5%, 6.5 I/min
(2)Error: <5%, 6 I/min
(3)Error: <5%, +8 I/min
(4)Error: <5%, +4.5 I/min
(5)Error: <5%, +8.5 I/min
(6)Error: <5%, +7 I/min

A graphical representation of the downdraft gaatfan process of the DDGS pellets is
shown in Figure 6.31. In most cases the effechefaquivalence ratio is not certain or clear.
However if one does not add the results for ER6,0tBen some interesting effects can be
observed. The cold gas efficiency and carbon cawerefficiencies have a positive
correlation within the escalating ER range. Thehbigheating value, the CO/G@atio and
the specific energy rate does not seem to followlar trends within the same ER range. On
the other hand the mass conversion factor and dk#igation rate seem to have a positive
correlation within the ER range without this coatédn being very clear. The gasification of
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DDGS pellets it general showed lower efficiencie€omparison to the other biomass feeds
due to the implications that the ash has caused. |atter will be discussed in following

chapters.
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6.3.3 Downdraft gasification of oilseed rape straw

In this subchapter, the gasification of oilseederafraw and its utilization in a downdraft

gasifier is presented. Generally speaking, thefigagon of the oilseed rape straw was very
difficult to control. One of the difficulties wa$é frequent feeding of the gasifier since the
gasifier itself has to be fed in batches and theversion rate of the straw was extremely
rapid due to the lower density of the fuel. An dffvas made to keep similar initial input

conditions but it was proved difficult. In TableB&he results of the test are shown.

Table 6.8: Performance of loose oilseed rape stiaandowndraft gasifier in two equivalence
ratios 0.5 and 0.84

Oilseed rape straw

1 2
Biomass feed (kg/h) 6 6
Air feed (I/min) 184" 3002
Equivalence ratio 0.5 0.84
Average CO 6.7 10.3
gas CcO, 15.6 11.5
composition H, 4.5 3.96
CH, 1.33 0.46
N, 71.87 73.78
Gas yield (MYkgyiomas) 1.99 3.23
HHV (MJ/mP) 1.95 1.99
Cold gas efficiency (%) 24 41
Carbon conversion efficiency (%) 62 94
CO/CQG ratio 0.43 0.9
Mass conversion factor 0.28 0.28
Specific energy rate (MJ/Ath) 514 851
Gasification rate (kg/fih) 35 35

(1)Error: <5%, +9 I/min
(2)Error: <5%, +15 I/min

In all cases the gasification of oilseed rape sshowed lower values than the gasification of
its pellets except in terms of cold gas end cardmmversion efficiencies (see sections 6.2.1
and 6.2.2). That is possibly because of the lowergy and bulk density of the fuel.
Furthermore the consumption of feed was also ladespite keeping the initial air feed in
similar ranges as the gasification of OSRS pellEtss is due to the low bulk density of the
straw and also because of the frequent feedingeofyasifier. The experiments for both the
pellets and the straw it should be repeated inmtiraous fed downdraft gasifier so that the

differences in the phenomena that occurred camelagly understood.
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6.3.4 Spouted fluidised bed gasification of Miscanthus pellets

In this subchapter the gasification of E-On Misbaist pellets and its utilization in a spout
bed gasifier is presented. It's prudent to say allagasification experiments are unique and it
is very difficult to receive the exact same reselgn with the same input. An example is
given in Appendix C where data fluctuations aretejl@rge even though the exact same
initial operating conditions are used. But nevddb® despite the differences, a similar

pattern is always followed.

In Table 6.9 the performance of E-On Miscanthusepelith escalating ER is shown. The
ER range under consideration is 0.19-0.39. CO lidlyinvthe range of 14.05-17% while GO
lay within the range of 13.2-16.1%;leaches as high as 14% with a minimum value of 9%
while CH, reaches the value of 4.5% having a minimum vafu2. @%6. The gas yield also
varies from 1.22 ritkg to 2.17 n¥kg while the higher heating value which is amohg t
highest observed among all the gasification testses from 4-5.53%. Cold gas and carbon
conversion efficiencies, which were also amonghighest of all gasification tests, lay with
the range of 35.5-50.8% and 53-85.1% respectiveig. interesting to see that the highest
performances, in terms of heating value, was oleseat the lowest values of equivalence
ratio in which the effect of all the reduction reans was enhanced. Even though the gas
yield is lower (at the low ERS), the heating valsidigh enough to compensate for this and
has greater values of gasification rate than incts® of high ER values. This is likely to be
due to the effect of water gas shift reaction whitshequilibrium is shifted towards the
production of H and also the methanation reaction that used the produce Chl
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Table 6.9: Performance of the E-On Miscanthus fseitea spouted fluidised bed gasifier
with escalating ER range: 0.19-0.39

E-On Miscanthus pellets with escalating ER

1 2 3 4 5 6 7 8
Biomass feed (kg/h) 1197 9589 767 739 7.6Y 6 7697  7.6Y
Air feed (I/min) 15 150 150 150° 178° 150® 200" 205°
Equivalence ratio 019 023 0.29 0.3 034 037 038 0.39
Average CcO 155 1595 16.9 17 16.1 14.05 15.2 14.85
gas CGo, 16.1 15 13.2 135 135 14 14.3 14
composition H, 14 12.7 11.7 12.2 10.5 9 9.7 9
CH, 4.5 4.1 3.4 3.87 3.2 2.7 3.1 3
N, 499 5225 548 5343 56.7 60.25 57.7 59.15
Gas yield (MYKGyiomas) 122 144 1.7 183 193 198 217 217
HHV (MJ/m®) 553 5.27 5 5.24  4.65 4 4.4 4.2
Cold gas efficiency (%) 35.5 40 453 50.8 47.7 42 50.7 487
Carbon conversion efficiency (%) 53 60.6 69 756 76.2 73 85.1 831
CO/CQ ratio 096 106 128 126 1.19 1 1.06 1.06
Mass conversion factor 0.463 0.5 0.529 0595 0.569 051 0.637 0.6
Specific energy rate (MJ/frh) 4424 4021 3625 3915 3814 2646 4047 3888
Gasification rate (kg/fh) 293 257 217 235 233 166 261 246

(1)Error (SD): £0.403kg
(2)Error (SD): £0.375kg
(3)Error (SD): +0.376kg
(4)Error (SD): £+0.562kg
(5)Error: <5%, +7.5 I/min
(6)Error: <5%, +8.75 I/min
(7)Error: <5%, +10 I/min
(8)Error: <5%, £10.25 I/min

In Figure 6.32, the performance of spout bed gaifin of E-On Miscanthus pellets is
illustrated. The cold gas efficiency, the carbonvarsion efficiency and the mass conversion
factor show an increasing pattern with increasiggivalence ratio. This is due to the
decrease of fuel/air ratio, thus there is moret@ireact with the fuel. The higher heating
value, on the contrary, shows a decreasing pattémincreasing equivalence ratio due to
the reasons mentioned in the previous paragrapd.rdtio of CO/CQ is increasing and at
the ER value of 0.3 it starts decreasing. Thisappening due to the enhanced effect of
Boudouard reaction because of the increased tetnperdhe increase of air supply perhaps
increasing the temperature even more but alsoasesethe CPOpercentage even more and
thus the 0.3 value of ER is the threshold betweéigh and low effect of the Boudouard
reaction. The specific energy rate and the gasificaate seem to decrease up to ER value of
0.3 and then start increasing thereafter. Sinceifspenergy rate depends on the gas flow
rate (connected with the gas yield) and the higieating value of the gas the pattern shifts
slightly to increasing energy rate with ER becathsgegas flow rate is increasing also. Similar
is the reason that applies to the gasification rEte threshold it seems ones more to be the
ER value of 0.3.
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HHV, b)ER — Cold gas efficiency, c)ER — Carbon cension efficiency, d)ER — CO/CO2,
e)ER — Mass conversion factor, f)ER — specific gpeate, g)ER — gasification rate
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6.3.5 A comparison between OSRS and other biomass pellets

In this subchapter a comparison between OSRS pelscanthus pellets and DDGS pellets
is presented for both cases, downdraft and spodt Imethe first section a comparison

between the OSRS pellets, the Miscanthus pellets the DDGS pellets for downdraft

gasification is presented while in the second eacthe comparison between the OSRS
pellets, the co-gasification case and the Miscantpellets for spout bed gasification is
highlighted. In the third section of this subchaple case of the spout bed de-fluidization is
showed followed by the last section in which a d§ston is made and a comparison with

other results from literature.

Downdraft gasification

In Figure 6.33 a set of graphs is shown that reptes comparison of the pellets tested in the
downdraft gasifier in terms of their gasificationadjty results. In nearly all cases the same
pattern is followed. Miscanthus pellets show thghkst values in all cases followed by the
dry (type 1 and 2) OSRS pellets, the wet (type @ hOSRS pellets and finally the DDGS

pellets. The case of type 5-type 8 OSRS pelletmaaningful only in the case of carbon

conversion efficiency.

Since the size of all types of pellets has smdlétinces, their differences in the behaviour
cannot be attributed in the size. Instead the gsta&ffect perhaps is the catalytic behaviour
of the ash for the different fuels. This is goimgke discussed in the last section of this

subchapter.

156



HHV Cold gas efficiency

‘_CS Y 48 -
T ¢ g
- | =
1] o]
v
i 28 4 3
>? 21 E 20 +
15 + 215
©
! 11 I §w I
X 05 + S
-
® 0 ' [
2 OSRS 105RS 205RS 3OSRS SOSRS SOSRS 6 03RS 70585 8 !-on 00GS OSRS 1 OSRS 20SRS 3OSRS SOSRS SOSRS6OSRS TOSRS 8 !-on 00GS
Pellettype Pellettype
Carbon conversion efficiency C0O/CO2 ratio
zw r 12 ¢
570 g 4
S 60
50 - io- +
§ <0 8‘06 +
£ §‘o‘ :
€ 20
§ 10 02+
(4] " o
OSRS 1 OSRS 2 OSRS 3 03RS & O3RS 5 OIRS 6O5RS 7OSRS § e« 00GS O3SRS 105RS 2 OSRS 3 03RS 4 OSRS SOIRS 6 03RS 70583 8 :« 00GS
Pellettype Pellettype
Mass conversion factor Specific energy rate

e b e e b

gos

£

gox l l I
. I H NN el I I B E— -

OSRS 105RS 2 03RS 30585 SOSRS SOSRS 6 03RS 70585 8 !~°ﬂ 00GS OSRS 105835 205RS 305RS 4OSRS SOIRS 60SRS TOSRS 8 E-0n DOGS
Misc

specificenergy rate (M)/m**h
588888888
| —
0
p—

Pellettype Pellettype

Gasification rate

OSRS 105RS 2 OSRS 3O5RS S OSRS SOSRS 60SRS 7OSRS 8 E-on DOGS
Mac

g 5
8 8

~”
(=]

Gasification Rate (kg/m**h)
5§ 8 8

(=]

Pellettype

Figure 6.33: Comparison of tested pellets in teofrtheir downdraft gasification quality,
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Spouted fluidised bed gasification

Figure 6.34 shows a set of graphs that represemtngarison of the pellets tested in the spout
bed gasifier in terms of their gasification qualigsults. The fuels tested in the spout bed
gasifier are the OSRS pellets the Miscanthus geflatl a 50-50% co-gasification case. The
Miscanthus pellets show the highest values in @figation performance followed in the
most of the cases by the co-gasification of ty®@SRS pellets with Miscanthus pellets, the
dry small size OSRS pellets, the wet small size ®$8Bllets and finally the large size pellets.
It seems also, that there are cases that the peltgts have higher values than the wet small

size pellets.

There are also few cases that the latter genetializdoes not apply such as the case of
gasification rate of the type 5 OSRS pellets. Thlee of gasification rate of the type 5 OSRS
pellets is higher even if it is compared with tleegasification case. It is prudent to restate the
previous conclusion that the spout bed gasifiegldggmance is highly affected by the initial

operating conditions even in cases in which thes=skactly the same.

Furthermore, an interesting observation is the Isdiffierences between the small and large
OSRS pellets but the huge difference of the twiedawith the performance of Miscanthus
pellets. This is an indication that, in the casespbut bed gasification, the chemical
characteristics has a higher weight than the phlysibaracteristics of the pellets. This is
going to be discussed in the last section of thickapter.
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Bed de-fluidization

In the current section a presentation of the delitation case is made. Unlike the E-On
Miscanthus pellets that were not responsible fer gshout bed de-fluidization even in high
temperatures, the case was not the same for theedilrape straw pellets. It was found that
during the gasification of OSRS pellets the bedluigizes at 856C. This phenomenon is
shown in Figure 6.35 in which, at the point of 850a destabilization occurs and the
temperatures represented by the thermocouplesnvitibibed are breaking apart. This means

that the bed is not fluidizing any more.

Temperature (°C)

Time (min)

""" TC18Bed - TC28ed —TC 38ed e e= TC4&Freeboard e TCSFreeboard

Figure 6.35: Bed de-fluidization at 8%D
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Table 6.10: Analysis of sieved material of bedradtdliscanthus pellets test, Figure 6.36,
Picture b

Spectrum (0] Mg Al Si P S K Ca Cr Mn Fe Total
Analysis 4608 182 179 974 379 058 445 257981 051 4.66 100.00

Table 6.11: Analysis of sieved material after acegsful OSRS pellets test (type 1)

Spectrum (0] Mg Si P S Cl K Ca Fe Br Total
Analysis 50.79 115 26.06 054 055 096 1266 5.071.05 1.18 100.00

Table 6.12: Analysis of sieved material after bedldidization case (type 1), Figure 6.36,
Picture a

Spectrum (0] Mg Al Si P S Cl K Ca Fe Total
Analysis 4814 134 184 2572 081 074 114 13.28.98 1.01 100.00

Table 6.13: Analysis of crystal form white sinterrithg de-fluidization case, Figure 6.37,
Picture a

Spectrum 0] Mg Si K Ca Br Total
Spectrum1 | 5559 042 3864 346 115 0.74 100.00

Table 6.14: Analysis of brown agglomerated dry mupng de-fluidization case, Figure
6.37, Picture b

Spectrum 0] Na Mg Al Si S K Ca Ti Fe Total
Spectrum1 | 50.18 193 200 827 2186 092 360 66.1052 456 100.00

In Tables 6.10-6.14, the SEM-EDS analysis of variash samples is presented. Table 6.10
shows an ash sample taken from the sieved bedaafieccessful E-On Miscanthus test. The
most characteristic species of the sample areutie pw amount of Si, the high amount of
Ca and the low amount of K. An analysis of the taten from the sieved bed after a
successful OSRS test is shown in Table 6.11. Ia tlaise and in comparison with the
previous analysis there is a much higher perceraf§e 26% over 9.7% in Miscanthus case,
a much lower percentage of Ca, 5% over 25.5% ircéithus case, and a higher percentage
of K, 12.7% over 4.4% in Miscanthus case. Neveesglthe temperature of the OSRS test
was kept below the 860 and thus no de-fluidization had occurred.

Table 6.12 shows an ash sample taken from thedsiae@ after its de-fluidization. As it can
be observed, the ash analysis is very similar écatialysis of the successful OSRS test with
the only exception of the appearance of small ansoohAl. Thus, it is most probable that
the inorganic material is there during the entast but once the temperature reacheS®@50
the inorganic material is re-organised and new ispeare formed that lead to the de-
fluidization. It is possible that the 8%D is the melting temperature of this specific

combination of inorganic species that became sttkizat temperature.
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Figure 6.36: SEM pictures of sieved bed ash ofGBRS eIIets (de-fluidized) and
‘b’:Miscanthus pellets

Figure 6.37: SEM pictures ‘a’ and ‘b’ of ash aggkmaites formed during the bed de-
fluidization in the OSRS type 1 test

Furthermore, the melting of the ash formed agglatesy, the analysis of these can be seen in
Tables 6.13 and 6.14. One of the agglomerates fvaysial form and the analysis is shown
in Table 6.13. This agglomerate is a silica basgstal possibly combined in various ways
with oxygen. In Table 6.14 the second type of agglmate that was observed is shown. The
characteristic species are the increased amourd ahd Na, lower percentage of Si and
increased percentage of Ca in comparison to theque agglomerate. The ash behaviour is

explained in the following section.

6.3.6 Discussion and comparison with results fronitérature

In the current section there will be a discussiortlee phenomena concerning the differences
between our own and various other biomass fuels fitee literature as gasified also using
alternative gasification techniques. The secti@se$ with a discussion on the behaviour of

the ash on the gasification process.
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The equivalence ratio plays a major role in thefigasion role as it was also seen in the
cases of the Miscanthus and DDGS pellets thus @asin on the effect of ER on the
gasification process is imperative. Gas vyield iases with increasing ER, while heating
value decreases with increasing ER because ofigherhpercentage of GOwhich in turn is
because of combustion has enhanced contributiongagfication. Furthermore the dilution
effect of N could also contribute to the decrease of heatalgevwith increasing ER. In
addition, H and CO decreases, while g€i@creases with increasing ER [97, 146, 141].

Other studies also confirm the decrease of theG®, CH, with an increasing ER and the
increase of gas yield and carbon conversion withititrease of ER. This is due to the
reaction of the gasification products, char and with G, to form CO. This of course leads
to the decrease of heating value with an incredsERy The N dilution effect is also
mentioned. Furthermore they mention the observationcrease of gas yield but at the same
time is compensated by a decline of the heatingevelith an increasing ER [147, 146, 148,
149, 150, 151, 152, 137, 138, 153]. Furthermorecdrbon conversion efficiency increases
with increasing equivalence ratio [146, 141]. Indiéidn mass conversion and cold gas
efficiency increase with the ER [154]. All theseidies are in agreement with the results
presented here. Furthermore experiments in a dsikditor fluid bed gasifier revealed
similar trends and had the best gasification behavat the ER of 0.25 [155]. A different
study, concluded that the optimum ER was 0.234i@iam experiments in fluid bed) [100].

Heating rate has a strong effect on the produabionhar from biomass but this effect is
smaller in the case of char that was produced ftoai and that could be attributed to the
cellulose content of biomass. At temperature lbss t306C, the cellulose dehydrates; at
over 300C the cellulose de-volatilizes. Thus with a higlativeg rate the residence time of
biomass at temperatures below 3D0ds very small and less important. At this poiné t
dehydration reactions have a very short time taoaad thus blocking the production of the
less reactive anhydro-cellulose (higher char yie@) the contrary, the fast heating favours
the depolymerization of cellulose and the productas volatiles [140]. Furthermore the
reactivity of agricultural residues studied as @lghor states, are lower than the reactivity of
wood which led to a higher production of char. Tleaturred most likely due to the
pelletisation of agricultural residues that leadldwer reactivity while loose agricultural

residues could give a higher amount of volatile®]1
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In general, high percentage of C and low percenta@® in the fuel, low H/C ratio and high
lignin content favours the high yield of char [14]is possible that the lignin content plays a
major role in the gasification performance of d.flrethe experimental procedure chapter we
show that the lignin content of oilseed rape stie1.16% while the one of Miscanthus is
21% (taken from Phyllis database [156]) and the @nBDGS is 4.3% [157]. So, it seems
that there is a correlation of the gasification dabur and the lignin content of the fuel.
Buttermanet al [158] reported the lignin contents of beachgra284), alfalfa (14%), poplar
(24%) and Douglas fir (28%). The authors discovened the low lignin fuels yielded higher
gasification residues but lower char volumes in panson to the high lignin fuels.
Furthermore the high gasification residues wereetated with a high mineral content while
high pyrolysis char residues were correlated withhigh lignin content. A similar result was
reported by Lwet al [159], who pointed out that the cellulose partha# fuel is responsible
for the volatile matter but the lignin part of theel is responsible for the char. It is possible
that, due to the lower lignin content, the loweroammt of char in OSRS and DDGS pellets is
also one of the factors that affected the gasitioaprocess because fewer char gasification
reactions took place. Furthermore, DDGS and OSRISakh composition with no enhanced
catalytic behaviour, thus reducing even furtherribmber of gasification reactions that took
place. That was possibly one of the reasons whycdvithus pellets were gasified
successfully but OSRS and DDGS did not.

Ghaniet al [160] reported the lower heating value of gas thas produced from the fluid
bed gasification of coconut shell and palm kerhellsor different equivalence ratios. In the
ER of 0.25 the LHV of coconut shell was 0.47 M3imhile the one of palm kernel shell was
3.4 MJ/mi. In the ER of 0.2 the LHV of coconut shell was®NJ/nT while the one of the
palm kernel shell was 2.8 MJ7nit is clear that the gasification performanceatonut shell
was extremely lower than the most of the cases ®R&) Miscanthus and even DDGS
gasification. On the other hand the gasificatiomfqggenance of palm kernel shell was
comparable with the gasification of OSRS, slighégser quality of the Miscanthus pellets
gasification and in many cases better quality th@ downdraft gasification of DDGS
pellets. The decreased performance of the gasdicatf coconut shell comes from the fact
that the volatile matter of this biomass is ne&Mb while the amount of ash reaches 43%.
Thus despite of the high fixed carbon 26%, duehw high ash content and low volatile
matter the gasification quality was reduced. On dtteer hand, the palm kernel shell has

volatile matter comparable with our biomass samf2%0), ash content similar to the OSRS
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pellets (9%) but higher than Miscanthus and DDGl&{se and fixed carbon higher than all
of our samples (18.5%). Thus the amount of fixetbaa plays a role in the gasification
performance but in this case it was overwhelmedhieyextremely high ash content of the
coconut shell. This happened in this case too iiclwthhe dry OSRS pellets have higher fixed
carbon than the wet OSRS pellets. It is therefikedyl that this was one of the reasons that
the dry OSRS pellets had better performance thamwtt OSRS pellets. On the other hand,
the DDGS pellets had higher fixed carbon than béhOSRS pellets and yet this did not
result in better gasification. This means thatfitked carbon is not a quality indicator for the
gasification performance but instead a combinatibmdicators should be preferred. Type
and amount of ash and volatile matter play alsaagpnrole in the pyrolysis and gasification

performance.

Rajvanshi [119] reports the gaseous species priotduahd gas heating value in downdraft
gasification as taken from various sources in ifeeature. The report shows a heating value

for:

« charcoal 4.6 MJ/fh

« wood 5 MJ/n

« wheat straw pellets 4.5 MJ/m

« pressed sugarcane 5.3 M3/m

« pelleted rise hulls 3.25 MJfm

« cubed cotton stalks 4.3 MJm

« coconut husks 5.8 MJfm

« coconut shells 7.2 MJ/in
In this case the coconut shells have good gasoitgterformance reaching high gas heating
values. That is because, as the author also reportse case where the coconut shell ash
content is 0.8%, which means that the fuel wasneldaout of ash. Thus the amount of ash

plays an important role in the gasification perfanoe.

In a different study, the authors tested threeediffit biomass samples in a steam fed fluid
bed gasifier. They found out that sawdust had begsification performance than peanut
shell which in turn had better performance than avhstraw. They attributed this to the
increased amount of volatile matter in the sawdust the lower amount of volatile in the
other two biomasses. What is not mentioned is iffierence that the material has in the ash
content. The sawdust concentration gfOkand CaO was 10.45% and 17.54%, the one of
peanut shell was 16.84% and 10.78%, and the oméheat straw was 15.58% and 8.33%.
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Thus the K/Ca ratio was increasing from sawdugpeanut shell to wheat straw which as
mentioned in the introduction of the current prajeould explain the behaviour of the fuels.

Furthermore, the F®;was increasing from sawdust to wheat straw [147].

Haykiri-Acmaet al [161] concluded in the steam char gasificatioredag inherent biomass
properties such as the ash and the fixed carbon giaimportant role in the gasification
process. They showed that the char from olive esha the smallest reactivity among other
biomass samples because the fixed carbon of @iuse was the smallest one in comparison
to the other biomass samples and that led to thal smounts of char yield after the
pyrolysis process. In addition they found that elrefuse had the highest amount of ash
(more inorganics — less organics) and that maytdethe lower char porosity and active
surface area thus reducing the reactivity of thel.fThis could be valid for this case

especially of OSRS pellets which have a consideraiviount of ash.

Maoyun Heet al [98] reported that in the catalytic steam gasifaraof waste polyethylene,
at 750C, the lower heating value of the gas was 12.15n¥Jthe carbon conversion
efficiency was 69% and the cold gas efficiency wa%o. Although the cold gas and carbon
conversion efficiencies were in many cases sintitathose presented in this work, the
heating value of the gas was much higher. Thismeduwlue to the increased amount ¢f H
and CH in the gas composition which is a direct resulttiedé steam addition in the
gasification process. A similar study by Maschial [162], reported values of 15.8 MJm
produced from the steam gasification of a mixtureiomass at 75.

A study by Boatengt al [163] reports the steam gasification of rice huiduel with high

ash content (21%). The authors reported that gasiin at 758C resulted in a gas higher
heating value of 10 MJ/finlow gas yield of 0.63fkg and lower than expected carbon
conversion efficiency of 43% that was attributedhe higher production of tar and thus a

large amount of carbon was retained in the tar.

In a different study [164], during the pyrolysisopess of various biomass fuels the highest
char yields were produced were of the grape anddb&cco, while the sunflower had the
lowest char production. On the other hand, thelgg® of sunflower led to higher gas yields
during pyrolysis. This is perhaps due to the ddferes of fixed carbon and volatile content of
the fuel. Grape and tobacco have a high fixed cadomtent and low volatile content while

the vice versa is true for the sunflower. Anothi#iecence between the fuels is the different
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amount of ash. The amount of ash of the sunflosvaround 10% while the amount of ash of
the grape and tobacco yield is 6% [164].

Umeki et al [165] studied the gasification performance of pdraft gasifer using steam. The
authors found out that the particle size (10-30 ndid) not have any effect upon the
performance which is contradictory with the reswatshe current project. Furthermore the
steam gasification provided higher yields gfahd CQand lower amounts of CO and ¢H

Ash behaviour

One of the most important factors in the biomassifigation and the comparison for
different fuels is the behaviour of ash. A report‘Doosan Babcock Energy” [166], sums up
three different combinations of mineral speciekigh temperatures:

1. alow Si, low K and high Ca ash has high fusiongerature

2. a high Si, high K and low Ca ash has low fusiongerature

3. a high Ca and high P ash has low fusion temperature
The Miscanthus pellets partially belong to thetfaase which despite having a high amount
of Si, the melting temperature is higher in comgamito the oilseed rape straw (OSRS) and
dried distillers grains with solubles (DDGS) peilefThe two latter types of fuels do not
belong in any of the combinations, although sintgnvas observed during the gasification
and this means that the ash behaviour is very @oglstem and multiple combinations of
mineral species could be the cause for the diffebemaviour of the gasification process

which is discussed in this sub-section.

It is important to point out that the ash could either as a catalyst or could also lead to
agglomeration and sintering. The catalytic behavafuash has been discussed extensively.
There is a positive influence of alkaline catalysish as NaCl, KCI and LiCl on the vyield
and gas production [80]. CaO is a catalyst forwla¢er gas shift reaction. Despite the fact
that CaO can absorb GOt was found that a bed with an increased amofif@aO could
increase the amount obldnd CQ, and decrease the amount of CO due to the cataffjEct

of CaO upon the water gas shift reaction that t&k@sand transforms it into Hand CQ
[81]. Ikenageet al [167] performed various test on various HCI-trdaded untreated biomass
to investigate the ash behaviour on the biomas§igd®n. The authors concluded that the
rate of gasification was highly affected by thedrént mineral matter of biomass. Potassium

was causing a rapid rise in the gasification rate @ its placement upon the active carbon
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sites. On the other hand, in fuels that contailgmifccant amount of both K and Si, there is a
danger of deactivation of potassium by the siligddyming potassium silicates which leads
to reduced gasification rates. Furthermore the gsaien silicate has a low melting
temperature that may melt and form a highly viscagsd that could de-fluidise the spout
bed sticking and fusing the sand particles togdtt@&s, 169]. In the case of fuels that contain
K and Ca inherently in large numbers, the gasificaprocess is catalysed, something that is
valid for the E-On Miscanthus pellets as well. TB®On Miscanthus pellets contain large
amounts of Ca (26%), high amounts of Si (31.5%) adequate amounts of K (9%). It is
possible that the Si have deactivated the K but Gaeremained as a catalyst for the
gasification process, thus increasing the gasifingterformance. That can be confirmed also
by Kannaret al [170] who reported that the Si deactivate K byrfirg catalytically inactive
potassium silicates but on the other hand Si doeseact with Ca due to the larger basicity
of K and lower mobility of Ca species. In additidhe authors [167] point out the fact that
only the removal of the alkali and alkaline eartbtafs was enough for the decline of the
gasification performance even though Si and Al waile present, which means that Si and
Al on their own are not taking part on the catays gasification. The latter observation can
be confirmed in the case of the OSRS pellets wthiehgasification performance was lower
than that of the Miscanthus pellets despite haviigh amount of Si, Al and adequate
amounts of K and Fe. It is important to indicate tatalytic effect of CaO. This is enhanced
by the dispersion of CaO on the surface of the ehdrthe strong interaction between metal
and carbon [167, 171]. The catalytic effect of Cd€rreases with conversion since the
increased residence time cause the CaO to siner.latter observation was reported by
various authors in the literature [167, 172] and ba confirmed by the experiments of the
current project especially in the case of Miscastipellets which despite the increased

gasification efficiency, after an extended amourttroe, agglomerates were formed.

The relatively low potassium level of OSRS pelletads to alternative explanations away
from the mainstream “potassium silicate phenomenahich leads to melting of the ash and
thus de-fluidization. It's an accumulation of varsophenomena that led to the de-fluidisation
of the spout bed at 8%D. One of the phenomena could be the fact thaDBRS pellets have

the highest quantities of Cl among all other psllend ClI facilitates the vaporization of the
alkalis forming in many cases potassium chloridectviis the most stable gas-phase alkali
containing species. Thus, it is common that ihies amount of Cl that dictates the vaporized
alkalis and not the amount of alkalis [86, 77].d&oret al [173], conducting experiments
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using cane bagasse, discovered that during thdéicgéisin about 1/3 of K is capture by
aluminosilicate structures to be transformed in enstable forms. Half of K is lost in the
syngas and 20% stays in a water soluble form witheing released to the syngas. On the
other hand, 99% of Na stays in the ash while oBBb®f Ca and 40% of the Mg stays in the
ash. Furthermore Si, occurs by 60% as amorphowghiie the rest appears as crystalline
silicates in the aluminosilicates. During gasificatthe 85% of Si remains as a residue and
the rest (15%) is released to the syngas. Thedhlgkge quantities and on the other hand the
large quantities of Al and Si in the OSRS pellaisgible played a role in the de-fluidization
of the spout bed by forming agglomerates. The |laajeme of agglomerates is consisted of
amorphous silica oxide but there are also smallusntsoof alkali aluminosilicates and several
other eutectic formations [173]. Therefore, the tséhat were described could have a high
potential of facilitating the spout bed de-fluidisa. Thus it is possible to agree in our case
due to the large quantities of Si and Al in the GSRrellets ash.

An interesting phenomenon in comparison of theadghe large pellets and the small pellets
especially in the spout bed case can be seen ile Balb. In the case of the small diameters
OSRS pellets we can observe high % of Si (25.2%)yerate K (13.5%), low Fe (0.82%)
and low Al (0.63%). In the case of the large di@n@SRS pellets we can observe lower Si
(21%), lower K (3.7%), higher Fe (3.7%) and high&(7.5%). Similar results can be seen in
the case of downdraft gasification. An explanawouold be the differences in the mobility
behaviour. It is possible that mobility depends,oagr many others, on the potential of a
chemical to become volatile, and as already distishat the devolatilisation or pyrolysis
process of the large pellets was hindered by numsemasons such as the decreased porosity
and increased density of the large pellet, it calitdb decrease the mobility of the silicates
and the alkalis and thus give rise to the reshefspecies.
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Table 6.15: SEM-EDS analysis of the ash after ﬁmflgatlon process (SD)

Fuel type 0 Mg Si P Ca Fe Al Na
OSRS small 51 14 25.2 0.64 13.5 5.3 0.82 0.63 0
(spout bed) | (#0.44) | (+0.24) | (x0.92) | (¥0.08) | (+0.9) | (+0.58) | (¥0.23) | (+0.49)

OSRS large | 51.2 1.9 21 0 3.7 6.3 3.7 7.5 2.2
(spout bed) | (#0.31) | (+0.09) | (£0.8) (20.7) (1) (#0.3) | (x0.4) | (0.2)
Miscanthus 44.6 1.72 10.5 34 4.4 23.6 6 2.2 0.56
(spoutbed) | (¥1.4) | (+0.28) (£2) (z0.5) | (#0.4) | (#4.9) | (#1.7) | (#0.7) | (#0.2)
OSRS small 51 14 15.4 2.2 15.9 4.9 2.6 0 0
(downdraft) | (£3.6) | (¥0.26) | (#5.7) | (¥1.2) | (#1.8) | (¥0.9) | (¥1.3)
OSRS large 50 1.7 15.3 0.6 4.9 8.8 5.2 6.2 1.73
(downdraft) | (£1.9) (x0.4) (#5.4) | (#0.5) | (#¥1.8) | (#3.7) | (¥0.53) | (#¥2.3) | (¥0.23)
Miscanthus 49.2 2.43 4.24 4.7 7.3 24.7 2.3 1.7 0.68
(downdraft) (£2) (x0.8) (#1.7) | (#1.4) | (#¥1.6) | (#3.3) | (¥0.29) | (x0.61) | (x0.64)
DDGS 50.8 3.07 1.3 13.1 18.5 5.1 2 0.96 2.2
(downdraft) | (¥2.3) | (¥0.41) | (x0.4) | (¥2.9) | (#2.5) | (¥0.82) | (¥1.96) | (+0.9) | (0.56)

The DDGS pellets have a characteristic ash of Kighery high P, moderate-high Mg and
very low Si and Ca. Similar characteristics forlfuguch as rye and wheat were reported by
Lindstromet al [174]. The authors reported a very high slaggemgéncy of rye and wheat
due to the high Mg, P and K in the fuels. It is bk that a crystalline phase magnesium
potassium phosphate and a potassium-rich phosptetéo be responsible for the melting of
the ash even at temperatures as low as 658E680his could be an explanation for the
behaviour of DDGS pellets during the downdraft fieetion. Furthermore, as it is also
mentioned in the literature review, Begtkal [88] showed that the presence of Ca reduces the
gaseous P compounds and it is possible that trenedf Ca in the DDGS pellets caused
the occupation of active sites by the gaseousréehing the heat transfer by radiation, which
could also lead to an decline in the gasificatierfgrmance. Furthermore, Steergiral [89]
reported that potassium salts in combination witbgphates and high K/Ca ratio, the exact
case of DDGS pellets, could lead to low melting gematures and sintering. As it is
mentioned in other studies [174, 89], the problemd be solved with the addition of lime at
about 2%wt or calcium carbonate that could completkminate the slagging and sintering
formation. The addition of lime would lead to tleerhation of calcium potassium phosphates
which have high melting temperature. Grinanal [175] and Onderwategt al [176] both
reported the stability of phosphate compounds e akh. In combustion experiments in a
fluid bed by Grimm, using fuels with high K and €antent or fuels with high Si and K
content, and also fuels with increased phosphoigush as DDGS), the addition of
phosphorous led to the formation of silicate/ph@spltoating layers and led to formation of

agglomerates. Despite the initial reaction of tigeit K with the bed material to form a
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potassium silicate melt and the diffusion of Ca ititat melt, the addition of P converted the
alkali oxides and the alkaline earth metal oxises phosphates.
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7 Thesis Summary

The main aim of the thesis was to investigate tienpmena that appear during the pelleting
process; how these phenomena affect the qualitheopellets; the relationship between the
quality of the pellets and the gasification processl finally how the initial pelleting
phenomena affect the gasification process. Allehgsre done to connect the pelleting with
the gasification process, to immediately foresee ¢asification performance by only
knowing the initial pelleting parameters.

The main focus of the project was the study oféffect of the initial pelleting parameters,

feedstock moisture content, feedstock particle arm# die diameter, on the performance of
the gasification process. Extreme values (very loigkiery low) of the pelleting parameters

were chosen so that the differences in the gasditgperformance would be apparent. The
main results drew are presented in this chapter.

The first set of results is concerning the amodrdaroperes (A) and the temperatu?€)(of

the pellet rig when the different types of pelletsre manufactured. It was found that the
differences between type 1 and 2 occur due to ififerehces in the feedstock particle size.
The pellet mill uses additional amount of ampseiuce the size of the large chop and thus
its temperature slightly increases. A similar phraenon was observed in the comparison of
pellet types 3 and 4. The differences between {psipee 5 and 6 and also between 7 and 8
were not attributed to the differences in the fémds particle size but to the addition of
lubricants such as oil due to the problems thatwecurring during the pelleting process. In
addition, the pellets that were manufactured fromndry feed (type 1, 2, 5 and 6) required
higher amounts of amps and the die temperaturehvgh®r in comparison to the amps and
temperature of the pellets that were manufactwead the wet feed (type 3, 4, 7 and 8). This
was attributed to the lubricant characteristicsofsture during the pelleting process.

The second set of results is concerning the relglip between the pelleting parameters
(feedstock moisture and particle size, die diametard the pelleting process (amps,
temperature). It was found that the increased feeksmoisture content decreases the
amount of amps required by the pellet mill to mactire the pellets, and thus the die
temperature also decreases. Feedstock particleaipehas an effect but this effect was
observed only in the case of the 5 mm pellets. [@hger the feedstock particle size is the
higher amount of amps required by the pellet rdille to the fact that large chop is reduced
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in size even further inside the die which also@ases the die temperature. The phenomenon
was not observed in the case of the large 18 mmTdlie die diameter also influences the
pelleting process. The utilization of the die witie larger diameter (18 mm) required a
higher amount of amps and thus the die temperatgreased in comparison to what was
required by the pellet mill during the utilizatia the die with the small diameter (5 mm).
The longer die holes of the large die were respbmdior higher time periods that the
material was inside the holes and thus the mateaal subjected under higher pressures due
to the increased friction factor. From this, it d@seen that the lowest amount of amps was

dissipated manufacturing pellets using the smalladid the wet and well chopped feed.

The third set of results concerns the correlatidnth® pelleting process (amps, die

temperature) with the pellet quality (pellet depshiulk density, and pellet durability). The

correlation of the pelleting process and the pediensity showed that the observed high
amount of amps doesn’t always mean pellets of higleasity. In our case the wet-feed

pellets required smaller amount of amps, due tdubegcant characteristics of moisture, but
at the same time their density was higher thandtlyefeed pellets. The correlation of the

pelleting process and the bulk density showed tti@bserved high amps meant pellets of
higher bulk density while the correlation of thelg@ng process and the pellet durability

showed that the observed high amps meant that Wénavie as a result a pellet generally
with higher durability.

The fourth set of results concerns the effect ef ithitial pelleting parameters (feedstock
moisture content, feedstock particle size, die ét@m) on the pellet quality (pellet density,
bulk density and pellet durability). This set o$uéis combines the initial data with the pellet
quality and helps to predict the quality of thelgtsl yielded by choosing certain initial
parameters. It was found that the higher feedsteaisture content resulted in a higher pellet
density due to the binding characteristics of nuest It was also found that the higher
feedstock moisture content resulted in a decrebeedulk density as well as a decrease of
the pellet durability. The feedstock particle seffected the pellet quality only slightly.
Increasing the feedstock particle size resultethéamost of the cases a slight decrease in
pellet density, a decrease in the bulk densityy(amlthe case of the large pellets) but no
effect was observed on the pellet durability. Tle diameter, on the other hand, highly
affected the pellet quality. Increasing the dientbter resulted in all the cases in an increase

of the pellet density, bulk density and durability.
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Overall, for the pelleting process it can be codetlithat the highest pellet density of the 5
mm pellets was test 3 (high moisture, small patste) and of the 18 mm pellets was test 7
which has the same attributes as test 3. The Higputls density for the 5 mm pellets was
observed in test 1 and 2, which means bulk demsiynot affected by the feedstock particle
size while the highest bulk density in the casthefl8 mm pellets was observed in test 5 and
7 meaning that in this case the feedstock parside slightly affected the bulk density. The
highest durability in the case of the 5 mm pellets observed in tests 1 and 2 while the
highest durability in the case of the 18 mm pelets observed in tests 5 and 6 but with very
small differences with the tests 7 and 8.

The pellet quality parameters subsequently affeetgasification process. The 5 mm pellets
were successfully gasified in the downdraft gaatfan rig although for various reasons the
efficiency was low. On the other hand, gasificatieas not achieved in the case of the 18
mm pellets. Gasification in the spout bed was dijgbasier to achieve for both sizes due to
the higher flexibility of the rig in comparison tthe downdraft rig. The gasification

performance was firstly correlated with the peliptality parameters and then with the

pelleting manufacturing parameters which is thenngaal.

Concerning the effect of pellet density upon thevildraft gasification performance it was
found that pellets manufactured from a feed of lsiminoisture content, even with slightly
different pellet density, are more likely to havenitar gasification performance. On the
contrary, pellets that were manufactured using feitdl different moisture contents have an
increased probability that their performance wdwgddifferent and most probably their pellet
densities would be different as well, with the plmanufactured from the wet feed showing
higher densities and lower gasification performar@encerning the effect of bulk density
upon the downdraft gasification performance, it vimsnd that the pellets manufactured
using the wet feed are more likely to have lowelk llensity and decreased gasification
performance. On the contrary pellets that were rfsmtured from the dry feed, showed an
increased bulk density which was also correlatat am increased gasification performance.
Concerning only the 5 mm pellets, the bulk densityhe pellets that were manufactured
from similar feed (wet or dry) is too close to itignany changes that might occur in the
gasification performance using exactly the samdetselbut different bulk densities.
Concerning the effect of pellet durability upon th@vndraft gasification it was found that

the pellets that were manufactured by using thefeed exhibited lower durability and the
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lower durability is correlated with a decreasedifgagion performance in the case of 5 mm
pellets.

The effect of the initial pelleting parameters ugbe downdraft gasification performance
was found to be very significant. It was found ttieg increased feedstock moisture content
not only increases the pellet moisture contentdué to the effect that has upon all the
pelleting parameters it is negatively correlatedhi gasification performance. For example,
the high feedstock moisture content was relateth wilower heating value (LHV) and a
lower cold gas efficiency. The reason is not ohigttthe pellets manufactured by the wet
feed have also higher moisture content themselugisalso the fact that the durability and
bulk density of these pellets is lower. In geneday, feedstock requires more energy to be
handled (dryers etc) but it will also provide ateeguality gas in comparison to the wet feed.
The optimal solution would be somewhere in the teidéeedstock moisture 8-14% wt) so
that we can gain the benefits of a material thdtysenough to be gasified and wet enough to
be pelletised. The effect of feedstock particlee sipon the downdraft gasification process
was studied. It was concluded that it did not haws influence on the gasification
performance. The extreme values chosen for thélidmaeter played a significant role in the
downdraft gasification performance. The 5 mm warecsssfully gasified but the 18 mm
pellets couldn’t be gasified due to the intoleran€¢he downdraft gasifier to handle large
size fuels. The intolerance of the downdraft gesiis highly linked to the bed porosity, the
quality of the pellet surface reactions the heatgfer performance and others which led to
melt of the outer layers, channelling, decreasedustof active carbon sites and others.

The spouted fluidised bed gasification had only fdifferences in comparison to the
downdraft gasification. An addition to the seriédests was the type 8 co-gasification with
Miscanthus pellets. More specifically, it is eviti#mat the pellet density correlates negatively
with the gasification parameters with two excepdiothe specific energy rate and the
gasification rate in which no clear trend can bseobed. The highest values detected during
the co-gasification. From this we concluded thas ihot only the pellet density that plays a
role in the gasification process but instead isophality of the surface reactions. On the other
hand it was found that with an increase in the lldksity, the gasification parameters also
increase, which is similar to the downdraft gasifion, but only in the case of the 5 mm
pellets. The effect is not clear for the 18 mmaeislwhile once again the highest values were
observed during the co-gasification for nearlyth# cases. In the case of the correlation of
durability with the gasification parameters it wiasind positive in the case of 5 mm pellets
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(except for the cases of specific energy rate asifigation rate) and unclear in the case of
the large pellets. In addition the trend in theecas spouted fluidised bed gasification is

similar to the one of the downdraft gasification.

The final target was the investigation of the ielahip of the spouted fluidised bed
gasification process with the initial pelleting pareters. It was found that the lower the
feedstock moisture content, the higher the valuesTde effect lost its weight in the case of
the CO/CQ ratio due to the input condition parameters (etreough the ER is similar).
About the effect of the feedstock particle sizewds found that the differences are only
minor which it means that particle size does playiaor role in the spouted fluidised bed
gasification, something that could not be obseiwneitie case of downdraft gasification. The
major differences between the pairs, are not theddiate effect of the feedstock particle
size though. The major differences are causeddjynitial condition parameters even though
the equivalence ratio is the same, which meansthainitial condition parameters have a
weight upon the performance of the spouted fluttlised gasification in contradiction to the
downdraft gasification in which the equivalenceiaateemed to had the major weight
(among the condition parameters and the ER). Comgethe effect of die diameter upon the
spouted fluidised bed gasification parameters & ¥oand that the extreme value of pellet
size decreased the performance of the gasifierearly all the parameters except for the
specific energy rate and gasification rate. It banconcluded that the two latter values are
highly affected by the operating parameters. Thes wot observed in the downdraft
gasification and this means that the operatingmeters themselves (with same ER) play a

higher role in the spouted fluidised bed in comgzamito the downdraft gasification process.

In addition to the effect of the pelleting paranneten the gasification process, other types of
biomass were tested and presented; mainly Miscardhd DDGS pellets. The results were
describing the effect of the ER upon the gasiftmatprocess. About the utilization of
Miscanthus pellets in the downdraft rig, it was riduthat the HHV, cold gas efficiency,
carbon conversion efficiency, mass conversion fadpecific energy rate and gasification
rate have a positive relation with the increasiggiealence ratio. No correlation was found
for CO/CQ ratio. The utilization of DDGS pellets in the daivaft rig was tested and found
that the HHV, the cold gas efficiency and carbonvewsion efficiencies have a positive
correlation within the escalating ER. The CO/@&tio and the specific energy rate did not
follow similar trends within the same ER range.t®a other hand the mass conversion factor
and the gasification rate seem to have a positveelation within the ER range without this
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correlation being very clear. The gasification oD®S pellets it general showed lower

efficiencies in comparison to the other biomassi$eduie to the implications that the ash have
caused. Another fuel that was tested in the dowhdoawas the oilseed rape straw. It was

found that the gasification of oilseed rape strasuited in lower values than the gasification
of its pellets except in terms of cold gas end @arbonversion efficiencies. That is possibly

because of the lower energy and bulk density ofubke

Similar tests using Miscanthus pellets were peréaiin the spouted fluidised bed. It was
found that the cold gas efficiency, the carbon eosion efficiency and the mass conversion
factor increasing with increasing ER. That is polyshappening due to the decrease of
fuel/air ratio, thus there is more air to reactwhie fuel. The HHV, on the contrary, shows a
decreasing pattern with increasing ER. The rati6@fCQ is increasing and at the ER value
of 0.3 it starts decreasing but the correlationgeneral was unclear. This is possibly
happening due to the enhanced effect of Boudoueadtion because of the increased
temperature. Furthermore for the specific energg @nd the gasification rate a weak
negative correlation was detected.

Very interesting results were reported in the camspa of the different types of biomass
fuels in both downdraft and spouted fluidised beakification process. In downdraft
gasification the comparison of all the tested fugflewed that Miscanthus pellets have the
highest values among all fuels tested, followedh®ydry (type 1 and 2) OSRS pellets, the
wet (type 3 and 4) OSRS pellets and finally the [Eg&llets. The comparison of the 18 mm
OSRS pellets was excluded due to their inabilitypeihg gasified. In spouted fluidised bed
gasification the comparison of the tested fuelsagtbthat Miscanthus pellets had the best
gasification performance among the other fueldp¥edd in the most of the cases by the co-
gasification of type 8 OSRS pellets with Miscantipediets, the dry small size OSRS pellets,
the wet small size OSRS pellets and finally thgdasize pellets. An interesting observation
was the small differences between the small arge |I@SRS pellets but the large difference
of the two latter with the performance of Miscarghpellets. This could be an indication that,
in the case of spouted fluidised bed gasificatibie, chemical characteristics has a higher
weight than the physical characteristics of théepe|

The differences among the different types of faeks mainly attributed to the differences in
the ash characteristics. Miscanthus pellets comthigh amounts of Ca, K and Si (Si
deactivated the K) which catalysed the gasificatpyocess. OSRS pellets contain high
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amounts of Si and Al which do not catalyse thefgadion process but instead the catalysis
of gasification was performed by small amounts ofAR interesting phenomenon was the
differences in residual ash that was exhibitedngygasification of the 5 mm and the 18 mm
pellets. The phenomenon was attributed to the réifiees in ash mobility and
devolatilization. In the case of spouted fluidisel the gasification of OSRS caused the bed
to de-fluidise at 85C. This was attributed to the high amount of Altthesulted in the
formation of aluminosilicates and the high amountbthat facilitated the alkalis, especially
K, to vaporize. Furthermore, DDGS’s problematic dgbur was attributed to the high
amounts of K and P and to the relatively high an®wi Mg which formed magnesium
potassium phosphates and potassium-rich phosphatesddition, the lack of Ca in the
DDGS pellets caused the occupation of active diteshe gaseous P, hindering the heat

transfer.

In general the thesis pointed out the importancehef pelleting process upon a thermal
conversion process in both qualitative and qudiv@aways. The thesis reported the
manufacturing and utilization of pellets from cradb grave showing the economy, in terms
of energy dissipation, of pellet manufacturing &émeir gasification performance. The results
could be used to form pelleting standards for pelie be gasified by implementing them to a
wider data collection and also to optimize the gigly and consequently the gasification

process.
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8 Conclusions

» Eight different types of pellets manufactured frooilseed rape straw were
investigated using the combinations formed by thps#leting parameters: the
feedstock moisture content, the feedstock partgiesand the die diameter;

* Increasing feedstock moisture content resulted nn irrcreased pellet density,
decreased bulk density and decreased pellet dityabil

* Increasing the feedstock particle size resultedhm most of the cases a slight
decrease in pellet density, a decrease in the deedisity (only in the case of the 18
mm pellets but no effect on the 5 mm pellets) ameffect was observed on the pellet
durability;

* Increasing the die diameter resulted in all thesas an increase of the pellet density,
bulk density and durability;

» Downdraft gasification:

1. The high feedstock moisture content was negativedyrelated to the
gasification performance. Dry feedstock requiregarenergy to be handled
(dryers etc) but it also provides a better qualiég in comparison to the wet
feed;

2. The feedstock particle size did not have any imftge on the gasification
performance;

3. The 5 mm pellets were successfully gasified but IBemm couldn’t be
gasified,;

4. Miscanthus pellets: it was found that all paransetead a positive relation
with the increasing equivalence ratio except for/@Qy ratio where no
correlation was found. Correlation was not cleard®GS pellets;

5. The comparison of the fuels tested showed that aibms had the best
performance followed by the dry (type 1 and 2) OSieEets, the wet (type 3
and 4) OSRS pellets and finally the DDGS pelletdidvonly for the 5 mm
pellets);

» Spouted fluidised bed gasification:

1. The high moisture content was also negatively tated with the gasification

performance;
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2. A minor effect of the feedstock particle size oe tfasification performance
was detected although the major differences wetsearh by the condition
parameters;

3. The larger diameter pellets decreased the gasificaerformance in all cases
except for the Specific Energy Rate and GasificaRate which were highly
affected by the condition parameters;

4. Miscanthus pellets: it was found that increasing &E&s correlated with a
decreasing HHV and an increasing Cold Gas Effigie@arbon Conversion
Efficiency and Mass Conversion Factor;

5. The comparison of the fuels tested showed thatitbris pellets had the best
gasification performance, followed in the most bk tcases by the co-
gasification of type 8 OSRS pellets with Miscantpediets, the dry small size
OSRS pellets, the wet small size OSRS pellets amalyf the large size
pellets;

 The main reason for the different gasification héars among the pellets was
identified to be the ash.
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9 Contribution to knowledge

The project explored the link between two differgmocesses, the pelletisation and
gasification process. This contributes to the mtéah of the pellet gasification performance
before the manufacturing of the pellets. In additidespite the fact of oilseed rape being a
very important crop in British agriculture, the dites on its straw are limited and this project
fills some of the gaps. The interconnection of ple#leting process, the pellet quality and the

gasification performance is another contributiothi® knowledge.

In summary, the works presented in this thesis detnate a clear contribution to knowledge
as they highlight the importance of pelleting faeds and parameters, and the effects of
these parameters on the gasification processexh &omprehensive work on biomass
feedstocks and their effects on advanced thermaversion technologies has not been
completed before, and as such this thesis prefediags which are of key importance to

this topic.
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10 Further work

With the completion of every research new questiares born that could lead to new
comprehensive studies. The completion of this ptajeised some questions that could lead
to new research topics:

* Further tests could be performed for more complatges of pelleting parameters
(especially in the range of 8-14% moisture contgf@&,mm particle size and 5-18 mm
die diameter) and not only for the extreme valdab® pelleting parameters;

* Further research should be done for the ash yasidsspecies when using different
sizes of pellets in the gasification, as was pditg this project;

» Other pelleting parameters could be also used asdhe addition of binders or oil.
Different binders could result in different pellquality and also different ash
characteristics and would be very interesting iegatigate which could be the most
appropriate binder for gasification and in what ants;

» Alternative types of fuels should be consideredhsas other agricultural residues and
energy crops. Their differences in the ash contenitld constitute a research in pellet
binders imperative to find the most appropriatedach of the fuels especially if the
pellets are to be used in gasification;

» Alternative types of gasification technique coutdlso used such as the updraft, the
fluid bed and the spout-fluid bed gasification nder to investigate optimum pelleting
parameters for these techniques as well;

« Similar tests and methods could be performed foerathermal conversion processes,
such as combustion and pyrolysis, in order to apBmthe pelleting process
accordingly. Optimization of the pelleting and tesification process would help to
combine the two processes in single small scateestium scale units and that would

facilitate the de-centralization and redistributairenergy.
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Appendix A

Amount of amps and die temperature during manufiagiwf OSRS pellets

Pellet type| Amps Die temperature

(A) (°C)
1 58 74
2 61 85
3 49 63
4 51 66
5 86 97
6 80 92
7 72 81
8 71 78

Assuming a 230 V of electricity supply and duratadrall the experiments 90 minutes the
energy required by the pellet mill to process 1§@dt each type is:

Pellet type| Energy spent

(kwWh/100 kg)
20
21
16.9
17.6
29.7
27.6
24.8
24.5

DN DIWIN |-
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Appendix B

Performance of the 5 mm oilseed rape straw petiedsspouted fluidsed bed gasifier within

the ER range: 0.28-0.35

OSRS pellet type

1 2 2 3 3 4
Biomass feed (kg/h) ‘B 79 79 79 6" 79
Air feed (I/min) 17%) 175% 200" 175% 178% 175%
Equivalence ratio 0.32 0.28 0.31 0.3 0.35 0.3
Average (6{0) 7.18 7 5.8 2.95 2.5 4.8
gas CO, 17.3 17.7 17.2 15.7 16.2 16.2
composition H, 3.1 2.45 1.73 0.54 0.5 0.98
CH, 1.83 1.86 1.37 0.4 0.38 0.93
N, 70.59 70.99 73.9 80.41 80.42 77.09
Gas yield (MYkGyiomas) 1.97 1.68 1.84 1.48 1.73 1.54
HHV (MJ/m®) 2.03 1.94 15 0.6 0.53 1.1
LHV (MJ/m®) 1.89 1.81 1.4 0.58 0.5 1.04
Cold gas efficiency (%) 20.9 17.1 14.6 4.8 4.8 9
Carbon conversion efficiency (%)  49.4 42.7 42.9 28.5 33 34
CO/CQ ratio 0.415 0.4 0.337 0.189 0.154 0.296
Mass conversion factor 0.39 0.34 0.29 0.073 0.092 0.16
Specific energy rate (MJ/frh) 1335 1270 1078 350 305 663
Gasification rate (kg/fh) 117 120 102 26 28 57

(1)Error (SD): £0.375kg
(2)Error (SD): +0.37kg
(3)Error: <5%, £8.75 I/min
(4)Error: <5%, +10 I/min
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Performance of the 18 mm oilseed rape straw pefieisspouted fluidised bed gasifier
within the ER range: 0.15-0.2

OSRS pellet type

5 5 6 7 8
Biomass feed (kg/h) g5 119 119 8.5" 8.08%
Air feed (I/min) 15¢"  150% 1509 125> 125°
Equivalence ratio 0.19 0.15 0.15 0.176 0.2
Average Cco 6.75 7.7 9 8.7 12
gas CO, 16.5 17.1 17.1 17.5 16.6
composition H, 3.1 4.1 5.1 6.3 9.7
CH, 1.7 2 3.3 2.6 3.95
N, 71.95 69.1 65.5 64.9 57.75
Gas yield (MYkgyiomas) 1.17  0.94 1 1.08 1.28
HHV (MJ/m?) 1.94 2.3 3.1 2.95 4.32
LHV (MJ/m®) 1.8 2.15 2.9 2.72 3.98
Cold gas efficiency (%) 11.9 11.4 16 16.4 28.7
Carbon conversion efficiency (%)  27.9 24.2 28 31.6 45.7
COI/CQ; ratio 0.41 0.45 0.526 0.497 0.72
Mass conversion factor 0.196 0.2 0.25 0.28 0.4
Specific energy rate (MJ/th) 1074 1340 1900 1516 2490
Gasification rate (kg/fth) 84 110 140 120 170

(1)Error (SD): £0.336kg
(2)Error (SD): £0.529kg
(3)Error (SD): +0.318kg
(4)Error: <5%, £7.5 I/min
(5)Error: <5%, +6.25 I/min
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Appendix C

Performance of E-On Miscanthus pellets in a spofltédised bed gasifier with similar ER
E-On Miscanthus pellets test No

1 2 3 4
Biomass feed (kg/h) 73 7.6Y 7.67 7.6Y
Air feed (I/min) 156 1502 1502 1502
Equivalence ratio 0.3 0.29 0.29 0.29
Average CO 17 16 16.9 15.3
gas CO, 13.5 13.7 13.2 13.7
composition H, 12.2 10.2 11.7 10.8
CH, 3.87 3.7 3.4 3.3
N, 53.43 56.4 54.8 56.9
Gas yield (MKgiomas) 1.83 1.67 1.7 1.65
HHV (MJ/m®) 5.24 4.8 5 4.6
LHV (MJ/m?®) 4.85 4.4 4.6 4.3
Cold gas efficiency (%) 50.8 42.4 45.3 40.5
Carbon conversion efficiency (%)  75.6 66.9 69 64.1
CO/CG; ratio 1.26 1.17 1.28 1.12
Mass conversion factor 0.595 0.5 0.529 0.476
Specific energy rate (MJ/Ath) 3915 3391 3625 3241
Gasification rate (kg/fih) 235 206 217 195

(1)Error (SD): £0.403kg
(2)Error: <5%, +7.5 I/min
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