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Abstract

The use of biomass, domestic refuse and industrial wastes as alternative energy sources
to fossil fuels for electrical power generation is actively encouraged by EU and

government energy policies.

A variety of raw materials were obtained for this study, including poplar and willow
short rotation coppice, poultry litter, cereal straw, scrap tyres, sewage sludges and refuse
derived fuels. In addition, deposits and residues were acquired from pilot plant and
commercial operations currently using biomass for combustion and gasification
processes. The nature and variability of the raw materials have been investigated in
terms of their moisture and ash contents, ash chemistry and ash fusion behaviour, with
the objective of identifying potential problems associated with ash deposition on heat
transfer surfaces. The deposits and residues have been characterised with respect to the
chemical composition and microstructure, in order to elucidate the bonding mechanisms
and hence the possible reasons for deposition. The high temperature behaviour of
biomass and waste ashes has been predicted using phase equilibria, vapour pressure data

and calculated ash viscosities.

The results of such a characterisation revealed the biomass and waste materials to be
grossly inhomogeneous in nature with the deposits and residues reflecting the

heterogeneity of the fuels.

Willow and poplar short rotation coppice produce an ash which is rich in CaO, K,O,
P,0; and SO; with variations in ash composition throughout the plant anatomy. The
fuel 1s generally low in ash, although the ash content of the bark is 4-5 times that of the
sapwood. Considerable variations in ash chemistry were noted for the same species

cultivated in different regions. Ash fusion data reflected changes in ash composition.

Several power plants in the UK use poultry litter as a fuel. The litter has a high
moisture content and ~14wt% ash. The ash contains appreciable K,O, P,0,, CaO and

SO;. The high volatility of K* species and P,0, vapours gave rise to K,SO, bonded



fouling deposits, and predominantly crystalline slags containing phosphate phases

which were predicted from relevant phase equilibria data.

Sewage sludges have relatively high ash contents (~30wt%) with ash compositions rich
in Al,O; and SiO,. CaO and P,0q lower the ash fusion temperatures, and this has given

rise to deposits in a pilot plant gasifier.

While scrap tyres offer a potentially high calorific fuel, fillers (CaCO, and kaolin) and

vulcanising agents (ZnO) readily react at combustion temperatures. The condensation

of ZnO on the surfaces of aluminosilicate particles provides a bonding phase for deposit

formation.

Attempts to provide electrical power from the incineration of refuse (RDF) have so far
experienced only limited success. The processes have suffered from high corrosion
rates and alkali deposition. Attempts to reduce these problems have been made by co-
firing RDF with chestnut. Deposits from a pilot plant gasifier have been characterised

in terms of ash chemistry and fusion properties of the mixed fuel, the results being

consistent with predictions based upon thermodynamic data.

The project also examined the reactivity of carbon chars produced by the pyrolysis of
pine, straw and RDF. The reactivity of chars was found to decrease with increasing

pyrolysis temperature, with evidence to support the catalytic activity of alkali and

alkaline earth metal ions (Ca**, K*, Na*) for carbon oxidation.

The successful development of power plant using biomass, domestic refuse, and
industrial wastes will depend on a knowledge of the variability and inhomogeneity of
the residual ash. Ash chemistry, ash fusion, viscosity and vaporisation of alkali species,

all play a significant role in maintaining clean heat transfer surfaces.

Given the unfavourable ash chemistry of many potential fuels, gasification presents a

more potentially viable option than combustion or incineration.



Chapter One

Introduction

The use of biomass and waste materials as alternative sources to fossil fuels for power
generation is now actively encouraged by all industrialised countries. In the UK, a
market for wastes and energy crops has been established via the Non Fossil Fuel
Obligation, implemented by the Government to enable these sources to compete
equitably with conventional fuels. The need for such diverse resources has strong
environmental, economic, political and social implications. The disposal of wastes
produced by households, industry and agriculture present ever increasing problems as
environmental constraints become progressively more stringent. The effective use of
the calorific value of these materials 1s to be encouraged as local authorities are

compelled to seek alternative methods of disposal. The food surplus throughout the EC
has resulted in the Common Agricultural Policy Reform and the search for productive

use of set-aside land to preserve and maintain rural communities. The substitution of
energy crops for cereals is a viable alternative, and reduces the dependency of many
countries on imported fossil fuels. With mounting concerns for the environment
regarding CO, emissions from the combustion of fossil fuels, energy crops which

effectively recycle carbon resulting in zero net CO, emissions, are an attractive proposal.

While residues from the combustion of fossil fuels are not without their own problems,
the power generation industry, with many years experience, has come to terms with the
problems of variable fuel quality and developed plant to tolerate such issues. However,
the high alkali, alkaline earth metal ion and P,O; content of the non-combustible
fraction of biomass and wastes present many new technical challenges, with slagging,
fouling and corrosion of heat exchange surfaces in conventional steam raising processes.
Gasification may prove a more satisfactory means of recovering the chemical energy of

these fuels, since the temperatures of operation preclude ash fusion and reduce the



these fuels, since the temperatures of operation preclude ash fusion and reduce the
vapour pressure of volatile species, thereby avoiding the formation of sintered deposits
and the fouling of convective passes. However, large scale gasification processes have
yet to be developed and detailed information concerning the high temperature chemistry

of biomass and waste ashes is essential for the design and efficient operation of

gasification systems.

The objective of this study has been to characterise the residues from the combustion
and gasification of biomass and wastes, and to predict the high temperature behaviour of
the inherent inorganic matter under combustion/gasification conditions. A variety of
raw materials were obtained, including poplar and willow short rotation coppice, cereal
straw, poultry litter, sewage sludges, and refuse derived fuels. The nature and
variability of these materials have been investigated in terms of their moisture and ash
content, ash chemistry and ash fusion behaviour. In addition to the raw materials, the

residues from small scale and pilot plant operations have been characterised with respect
to the chemical composition and microstructure, in order to elucidate the bonding

mechanisms and hence the possible reasons for deposition. The technical data obtained

in this study should be of value to potential designers and operators of both plant and

processes which use biomass as an energy resource.

The high temperature behaviour of biomass and waste ashes has been predicted using
phase equilibria and vapour pressure data, highlighting the problems to be anticipated
for fuels of a high alkali metal content. In essence, deposits are initiated when a bond
forms by the collision and adhesion of particles, facilitated by the presence of a molten
or partially molten surface. Consolidation of the deposit subsequently occurs via a
viscous flow sintering mechanism. The effect of 'composition and temperature on the
viscosity of liquids formed during ash fusion has been predicted using an Urbain model,
emphasising the consequences for ash sintering and the development of deposit

strength.

This project is one of two, supported by Mitsui Babcock Energy and the Department of
Trade and Industry, which aims to provide data on the basic characteristics of a range of

biomass and waste materials relevant to combustion and gasification processes.

4



Chapter Two

Literature

2.1 Biomass defined

Biomass is an ecological term for photosynthetic matter, from which fuels may be

derived in solid, liquid or gaseous form. The term broadly encompasses terrestrial and
aquatic plant life, and is also synonymous with animal and human carbonaceous waste
products, which are essentially undigested plant residues. Photosynthesis, the source of
all conventional fossil fuels, is essentially the conversion of radiant electromagnetic
energy into chemical energy which eventually permits the fixation of CO, into
carbohydrates. Energy may be recovered from carbohydrate molecules (sugars,
starches, lignocellulose) by the direct or indirect reaction with oxygen. For the United

Kingdom, indigenous biomass resources include traditional fuels such as agricultural,

livestock and forestry residues, and those more contemporary such as short rotation

energy crops, specialised industrial and hospital wastes, refuse derived fuels (RDFs),

sewage sludges and various types of aquaculture.
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The accessible resources of a nation play a major role in determining energy policy.

Most of the global energy supply comes from finite resources, 77% from conventional

fossil fuels (coal, oil and natural gas). Proven world reserves of all coals are estimated
to be sufficient for 200-400 years, whereas o1l and gas reserves are ~50-55 and ~60
years respectively; these figures are however under constant review as technologies of
exploration and recovery are modified and improved, in addition to the fluctuations in
the world commodity prices.!” The geographic distribution of fossil fuel resources is
extremely disproportionate throughout the world, causing some countries to rely on
substantial imports of coal, oil and natural gas. With the exception of the Netherlands

and Denmark, all other EU countries are net importers of energy."”

The security of a
long term energy supply 1s thus a major concern, and research for biomass-to-energy

processes is actively encouraged by the European R&D programme."”

The fuels used in electricity generation in Britain are illustrated in Figure 2.1."Y Coal
fired power stations produce ~42% of UK electricity requirements. Due to privatisation
and deregulation, new power stations burn natural gas from the North Sea. Ever
tightening environmental constraints have led to mmproved efficiency and lower
emissions of NOy and SOy using fluidised bed combustion and gasification, flue gas

desulphurisation and advanced gas clean-up technologies.

Renewable
2%

Nuclear
29%

Coal
42%

o
4%

Gas Imports
21% 2%

Figure 2.1 Fuels used in UK electricity generation 1996 (energy supplied basis)*
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2.1.1 Environmental concerns

The environmental problem of most concern at global proportions is that of the
‘enhanced greenhouse effect’. Despite particular uncertainties regarding the scientific
foundations to the problem, the available evidence suggests that greenhouse gas
emissions (CO,, H,0, CH,, N,O, O; and chlorofluorocarbons) have increased over the
past 200 years resulting in discernable climate change, and thus warrants the taking of

precautionary measures to avert irreversible damage to the atmosphere.

The temperature of the Earth’s atmosphere 1s governed by many factors, but is
essentially a product of the interaction of adjacent solar radiation with a variety of
compounds in the atmosphere. The absorption of infrared by certain gaseous
components of the atmosphere, such as water vapour and carbon dioxide, warms the
trophosphere, and subsequently heat i1s radiated back to the Earth’s surface; the
phenomenon is known as the greenhouse effect. Research has shown a close correlation
between atmospheric CO, levels and global temperature. CO, is in rapid circulation
with the biosphere being removed by photosynthetic processes and solution in the seas,
and evolved during plant and animal respiration and the decomposition of organic
matter. CO, is also produced by the activities of man, notably the combustion of fossil
fuels, forest conversion, and the calcination of limestone for cement, and has resulted in

a measurable perturbation of the carbon cycle over the last 2-3 decades. Combustion of
fossil fuels releases CO, fixed by plants over a period of millions of years, and thus

increases the CO, concentration in the atmosphere. The prudent course is to conserve

resources, minimise wasteful practices, and improve efficiency.®®

2.1.2 Renewable energy

Biomass represents a renewable source of energy. Renewable energy is the term used to
describe energy which occurs naturally and repeatedly in the environment and can be
harnessed for human benefit.” The ultimate sources of renewable energy are the Sun,
the Earth’s rotation and internal temperature, and gravity. The renewable sources thus
manifest themselves as the wind, ocean, biomass, the fall of water from lakes and rivers,
and animal and human wastes. The extent to which renewable energy technologies are

already deployed varies widely throughout the world depending on geographic and

climatic features, the comparative economics of other energy systems and the level of
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development of the respective technology. In general, the development of renecwable

energy technologies has yet to attain maturity.

The penetration of renewable sources to the world energy market is significant.

providing approximately 20% of mankind’s electricity requirements.®

The supply is
dominated by traditional biomass (stem and branch wood, bark, roots, leaves, shrubs.
cereal straws, corn stover, cane bagasse, cotton and jute stalks, tuber and legume vines.
and animal manures) and conventional large-scale hydro power, with a combined

contribution of ~18% to the energy supply of the world.

Renewable energy sources provide approximately 6% of the primary energy production
(4% consumption) of the European Community, of which biomass, large-scale hydro
power and geothermal energy contribute ~60%, 30% and 6% respectively. The use of
renewable sources for electricity generation in Europe 1s governed by large-scale hydro

power, although in recent years there have been increasing contributions from biomass

and wind.

Biofuels

Landfill gas 14 4%

Sewage gas 11.0%

Wood combustion 11 8%

| Straw combustion 4 2%

Refuse combustion 25 6%

$101UHELS

F80:3%

Other'" 13 3%

(1) ‘Other’ includes farm waste digestion and chicken litter, waste tyres, industrial and hospital waste combustion

(2) 'Others’ : active solar heating 0.5% excludes all passive use of solar energy, wind 2.4% and small scale hydro 0. 4%

Figure 2.2 UK renewable energy statistics, 1996""

Within the UK, renewables provided ~2% of the 1996 electricity supply. Figure 2.2
illustrates the renewable energy statistics for 1996 with the largest contribution (80%)
from biomass derived fuels, particularly using combustion technologies."” The

histogram of Figure 2.3 shows renewable energy sources which were used to generate
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electricity and/or heat in 1996. Most renewable energy is in the form of electricity, with

municipal solid waste (MSW) combustion dominant in terms of measured fuel input.

-
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W omnd Active l.arye- Small- Landfill Sewave Wood S{raw Wasle Other (1.2
solar 1 scalc scale gas sludye combuston  combustion  combustion
digestion

heatng / hydro hydro

(1) Includes farm waste digestion and pouliry litter combustion and wasie 1y re combustion
) Includes induswrial and hospital waste combustion and farm waste combustion

(3, Excludes all passive use of solar energy.

Figure 2.3 Renewable energy sources used to generate electricity and heat 1996'Y

The introduction of the Non-Fossil Fuel Obligation in the UK has provided a

tremendous impetus for the active development of electricity-generating renewable

energy technologies, with a number of projects coming to fruition that would otherwise

not have been self-sustaining.

2.1.3 The Non Fossil Fuel Obligation (NFFO)

A guaranteed premium market for electricity from renewable sources

The Government policy regarding renewable energy aims to stimulate the development

of new and renewable energy technologies with economically viable and

environmentally acceptable prospects, in order to contribute towards

- a diverse, secure and sustainable supply of energy;

- a reduction in the emission of pollutants;
- the encouragement of internationally competitive renewables industries.®

The Non Fossil Fuel Obligation (NFFO), introduced with the privatisation of the
Electricity Supply industry in 1989, is the major Government strategy employed to

implement this policy, prompting the development of an industrial market infrastructure
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so that renewable sources of energy are given the opportunity to compete equitably with
other energy technologies in a self-sustaining market. The intention to pursue a figure
of 1500MW DNC (declared net capacity) of electrical power from UK renewable
sources by the year 2000 was documented in The Coal Review White Paper of 1993.

The Electricity Act (1989) and broadly similar legislation in Northern Ireland empowers
the relevant UK Secretary of State to make Orders obliging the Regional Electricity
Companies (RECs) to contract for a defined quota of non-fossil fuel sourced electricity
generating capacity. To secure the necessary capacity, a premium price 1s awarded to
generators of renewable energy with the cost compensated by means of a Fossil Fuel
levy on electricity sales. The Obligations arising from such Orders are known as Non-

Fossil Fuel Obligations in England and Wales, and as the Scottish Renewable
Obligation (SRO) and the Northern Ireland Non Fossil Fuel Obligation (NINFFO).

The strategy focuses primarily upon the technologies with the most potential to

contribute economically to the UK electricity supply by the year 2005. The
technologies that have been awarded market support via the NFFO include wind power
(on-shore), hydro power (small-scale), and energy from municipal and industrial wastes,
landfill gas, agricultural and forestry wastes and energy crops. Photovoltaics, fuel cells,
active solar and photoconversion are at an early stage of assessment, and technologies

such as wave, geothermal and tidal, which are unlikely to contribute significantly by the

year 2005, are subject only to a watching brief.®

Research, development and field trials 1n collaboration with suppliers and developers
are imperative to assess the technical feasibility and commercial prospects of the
technology. Once a degree of commercial maturity 1s demonstrated, facilitated by the

established NFFO market, it is anticipated that the projects will become viable without
further financial support.

To date, four renewable NFFO Orders have been made. A summary of the renewable
orders is given in Table 2.1.2 The fourth Order was announced in February 1997.
Contracts have been let to 195 projects with a total DNC of 842.7MW, at an average

price of 3.46p/kWh.
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Table 2.1 ~ Renewable orders and operational capacity®

Live Projects -

Opcrational at 31

Contracted Projects December 1996
Technology Band Capacity Capacity
Number MW Number MW

England and Walcs

NFFO - 1 (1990) Hydro 26 11.85 21 10.00
Landfill gas 25 35.50 20 31.68
Municipal and industrial waste 4 4063 4 40.63
Other 4 45.48 4 4548
Sewage gas 7 6.45 7 6.45
Wind 9 12.21 7 11.66

Total 75 152,11 63 145.90

NFFO - 2 (late 1991)  Hydro 12 10.86 8 10.25
Landfill gas ' 28 £8.45 26 46.39
Municipal and industrial waste 10 271.48 2 31.50
Other 4 30.15 1 12.50
Scwage gas 19 26.86 19 26.86
Wind 49 84.43 26 53.91
Total 122 472.2) a2 181.42
NFFO - 3 (1995) Encrgy crops and agricultural and forestry o
waste - gasification 3 19.06
Energy crops and agricultural and forestry
waste - other 6 103.81
Hydro 15 14.48 2 0.26
Landfill gas 42 82.07 25 46.18
Municipal and industrial waste 20 241.87 1 28.20
Wind - large 31 145.92 3 8.45
Wind - small 24 19.71 1 0.21
Total 141 626.90 32 81.30
NFFO - 4 (1997) Hydro 31 13.22 T
Landfill gas 70 173.68
Municipal and industriaf waste - CHP 10 115.29
Municipal and industrial waste - fluidised bed
combustion 6 125.93
Wind - large 43 330.36
Wind - smal} 17 10.33
Anacrobic digestion of agricultural waste 6 6.58

Energy crops and forestry waste gasification 7 67.34
Total 185 842.72

NFFO Total 338 1.251.24 177 408.62
Scatland T —
SRO -1 (1994) Biomass 1 9.80
Hydro 15 17.25 1 0.66
Waste to Encrgy 2 .78 2 1.78
Wind 12 45.6 4 14.60
Total 30 76.43 7 19.04
SRO-2(1997) Biomass 1 2.00 T
Wind 7 44.00
Waste to Energy 9 55.00
Hydro 9 11.00-

Total 26 112.00
56 118.43 7 19.04

SRO Total
Northern freland

NINFFO-1(1994) Hydro 9 2.37 S 1.01
Sewage gas S 0.56
6 1266 5 10 61

Wind
Total

13.60 10 11.62

NI NFFO -2 (1996) Biogas 1 0.25
Biomass 2 0.30
Hydro 2 0.25
Land(ill gas 2 8.25
Municipal and industrial waste 1 6.65
Wind 2 2.57
Total 10 46.27

31.87 10 11.62
619 2,314.26 194 419.28

N{ NFFO Total
All Renewables Obligations

The Non-Fossil Fuel Obligation has an international reputation as a policy of success in
stimulating the market and manufacturing industry. The continuation of such a policy

will enable renewable energy sources to contribute to electricity generation, at market

prices, in the medium to long term.
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2.2 Short Rotation Coppice (SRC)

The potential of wood, the most traditional of fuels, as a renewable energy source is
under increasing scrutiny in Britain. Of particular interest is the development of arable
crops farmed by short rotation coppicing techniques. There are several advantageous

reasons for such interest in the use of arable coppice as a fuel.7'%!)

Agriculture and trade

Perhaps the most powerful impetus towards expanding the use of energy crops in
industrial countries will be the opportunity to make productive use of cultivated land no
longer required for food overproduction, thus sustaining rural employment.

The potential contribution of biomass fuels to energy independence and security

For the European Community, the prospect of using indigenous biomass as fuel for

electricity generation could be a welcome alternative to the substantial imports of fossil

fuel resources (some 50%).
Reduced CO?7 emissions by the displacement of fossil fuels
The use of coppice wood as a fuel is environmentally beneficial with no net CO,

emissions from combustion since the carbon involved is effectively recycled. The

combustion of wood also produces emissions low in NOy and SO, pollutants.

Local heat and power for rural communities

The technical and commercial viability in using biomass to generate heat and power on
a local scale for rural communities is recognised. Apart from generating profit for the
promoters, the local farming community would benefit from an increased return over

and above that which would be gained under existing set aside rules.

A fertile habitat for wildlife

A positive impact of arable coppice will be the greater diversity of flora and fauna
produced within and at the margins of the crop. The diversity will be partly brought
about by the less frequent disturbance of the crop and land, since cropping will occur
once in every 3-5 years. Furthermore since cropping will be in rotation, the whole field
will not be cleared as in the case of food crops: this will create a greater opportunity for

wildlife to take advantage of the substantial ground cover.

A further advantage 1s the possible use of the crop and its fibrous root structure to

absorb nutrients from sewage, farmyard slurries and other sludges by acting as a

12
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biofilter. This is potentially beneficial and could markedly improve the prospects for
energy crops in areas particularly vulnerable to the effects of agricultural nitrification,
for example in East Anglia, where the cultivation of energy crops could prevent leachate

run-off and associated eutrophication. Short rotation coppice has found an application

in ‘buffer zones’ to prevent the agricultural pollution (nitrate and phosphate) of rivers in
several of the major valleys in Britain. Thus, SRC may be an attractive crop for water

companies to cultivate on their own land, or in co-operation with farmers and land-

owners.(V

A potential also exists for the production of energy crops in areas of derelict land in
metalliferous mining districts where the soil i1s often contaminated with heavy metals.
Cornwall contains approximately 3200 hectares of land made derelict by mining
activity; a legacy of the intensive tin and copper mining history of the area. An
assessment of the potential of Cornish soils and mine waste for the growing media of
energy crops is in progress, with particular emphasis on the metal tolerance of
Miscanthus sinens Giganteous and Alnus glutinosa (Alder).!? If the crops were to be

grown for energy production, 1t would not be satisfactory to recycle the toxic metals as
emissions from a combustion system. In addition, if the ash remaining after the

combustion of the crop were to be returned to the plantation as a fertiliser, the heavy
metal contamination would be exacerbated. The initial harvest material from the
Miscanthus trials indicated that polluted growth media would be unlikely to have a

major deleterious effect on the suitability of the feedstock for combustion processes.
The production of energy crops in areas with substrates contaminated by metals is an

option which, on agricultural land, may be eligible for set-aside within the EU, while on

derelict land, may be established using derelict land grants in the UK.

2.2.1 The Common Agricultural Policy (CAP) Reform

The European Commission introduced a Common Agricultural Policy (CAP) Reform
programme during the autumn of 1992 because of the mounting food surplus and the
consequent financial burden. An element of the CAP Reform entails the setting aside of

a designated fraction of productive arable land for non-food crops per annum, including
energy crops. The initial amount set aside was 15% of the eligible arable area which

was rotated around the farm to avoid only poorer land falling into the scheme.® The

13
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surplus land figure is subject to continuous review in the light of rapid changes in
agricultural policy and practice. To compensate for reduced support prices, farmers
receive an area payment for eligible arable crops. The benefit of such an approach is

that the land will remain productive and not fall derelict, thereby maintaining farm

incomes and rural economies.

2.2.2  Short Rotation Coppicing

In essence, biomass of rapid growth is planted in the spring as a high density of
unrooted stems (~10,000 trees per hectare). At the end of the season the growth is cut
back to within a few centimetres of the ground to initiate coppicing (sprouting a series
of stems from the root to the stool), and after two to five years the coppice is harvested

in the winter."® UK trials have indicated that willow and poplar are decidedly the most

suitable species for this method of cultivation, providing high yields and a favourable

overall energy balance.

Willow is best suited to a 2-3 year harvesting cycle, and poplar to a 2-5 year cycle. The
latter, on a five year rotation, requires less dense planting (~6,700 trees per hectare) and
will be adopted where existing forestry equipment and expertise is available. In each

case, the average yield is in the range 10-15 dry tonnes per hectare per year.”

Other energy crops under research elsewhere in Europe include the C4 grasses such as

Miscanthus (non-native species to the UK) which bear resemblance to coppice in that
they are perennial in nature and are harvested annually each winter using similar
machinery. The potential advantages offered by the C4 grasses are that at harvest the
fuel is relatively dry (most of the stem moisture being translocated into the rhizome) and

that the yield potential 1s significantly greater (15-30 dry tonnes per hectare).

Combustible biomass fuels such as wood and Miscanthus have a calorific value of
around 19MJkg". The calorific value of these fuels falls linearly with increasing
moisture content such that at 55% moisture by weight (the typical moisture content at

which wood is harvested) the CV 1s around IOMJkg". (7,14)

Drying and Storage
Storage of the harvested material collected during the winter months, December to

February, would be essential in order to provide a continuous supply of fuel throughout

14
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the year. During storage (which can be of cut sticks or chipped material) some drying

will occur either naturally by the ambient air and via respiration, or by way of forced

draught ventilation as in a grain store.

Freshly harvested, the moisture contained within the crops presents a breeding medium
for degenerative pathogens like fungus, which not only diminish the value of the fuel by
loss of material, but also constitute a health hazard during the drying and handling of the
material due to the liberation of spores. Furthermore, in a large stockpile of material,

there 1s a significant risk of over-heating and self-ignition.

The arable coppice may be harvested as whole stems (“sticks’) or by cutting and
chipping in a single operation. Provided there 1s land avatlable for the storage of whole
sticks, drying would occur naturally with negligible associated dry matter loss.
However the handling of the whole sticks would be more cumbersome and a larger
storage area would be required; furthermore the dry stems are more difficult to
comminute than the freshly harvested material. Cutting and chipping in one operation
presents fewer handling problems, yet the increased surface area of the comminuted

wood is more amenable to microbial degradation and thus creates drying and storage

problems.”'"9

Siting of the energy crop production projects will occur in rural areas. The arable
coppice will be extensive but not over-intrusive since it will be grown like other

agricultural crops in traditional field settings. The height of arable coppice, particularly
in the third and final growing season before cropping, will be several metres. Due to the
long production cycle of coppice and the use of rotational planting, the general visual

appearance will be stable but there will be continual variations within the crop.”

Arable coppice and the perennial C4 grass plantations have a life expectancy of 30 years
and premature change of use will require tree stump and root removal before other uses
can be made of the land. However, this is a relatively easy operation (unlike
conventional forestry) and the land can return to food cropping in one season. The ease
with which land previously under SRC can be converted back to normal agricultural use

is an incentive to comply with the Sludge (Use in Agriculture) Regulations concerning

the maximum permissible levels for heavy metal accumulation on agricultural land ™'

15
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Since the crop, of deciduous nature, is harvested in the winter many of the nutrients in
the soil are replenished by leaf fall and decomposition. The recovery of nutrients from
senescing leaves can contribute 60-80% of the nutrients required for new growth the
following season.!* Nonetheless, in order to obtain the greatest crop yields and hence
maximum profit, a fertiliser is necessary. Inorganic soil additives such as phosphate
rock, potash and sulphur are earth’s resources mined principally to provide nutrients for
soils. Worldwide, in excess of 90% of phosphate rock and potash, and approximately

half of the sulphur produced are used for agricultural purposes. Potash cannot be

reclaimed or recycled and there is no known substitute." Due to the high energy input
required during manufacture, the use of inorganic fertilisers would appear to defeat the
purpose of cultivating an energy efficient crop. The DTI and Anglian and Severn Trent
Water Service companies are supporting research into the nutritional management of

SRC and in particular the application of sewage sludge on the plantation.!'”

Sewage sludge has several advantages over inorganic fertilisers. The sludge may be
applied to the growing crop in liquid form, when access for conventional granular
fertiliser spreaders is severely restricted. Consequently, it may be applied more
frequently than the inorganic fertiliser which may practically only be applied after
harvest. Sufficient inorganic fertiliser must then be applied to sustain growth for several
years, depending on the rotation period, during which time substantial nutrient losses
through leaching and denitrification may occur. Regular applications of sludge may

better satisfy the crops’ nutrient demand. Sludge will be supplied and applied free of

charge, hence greater crop yields may be obtained with no increase in cost to the

farmer.!'>

Many potentially toxic metals are also essential plant nutrients, hence mechanisms exist
for their absorbtion and translocation through the plant structure. The accumulation of
heavy metals in the tree stems could potentially be a source of metal diffusion into the
atmosphere when the wood 1s combusted. Metal uptake and partitioning by different
clones is being monitored during trials to investigate the extent to which this may limit
the application of sludge to coppice. It 1s not anticipated that metal uptake in trees will

limit sludge use in SRC since the woody species are generally low accumulators of

heavy metals. The concentration of heavy metal elements in plant tissues is found to be
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of highest concentration in the roots, less so in the leaves and at the lowest level in the

stems. Consequently, metal export from the plantation is likely to be minimal."*">""

2.2.3  The inorganic matter in woody stems

The ash contents of wood and Miscanthus are only 1 or 2wt% (dab)."” The fundamental
elements that constitute carbohydrates, fats and proteins (carbon, hydrogen, oxygen,
nitrogen, phosphorus and sulphur) are accompanied by other indispensable elements
that have no obvious link with organic substances but nonetheless appear essential to
plant life. These essential nutrients include potassium, calcium, magnesium and iron.

The elements boron, copper, manganese, molybdenum, zinc and chlorine are also

requisite micro-nutrient constituents of particular enzyme systems.

Elucidation of the function of mineral elements in plant nutrition remains far from
complete. The typical range of macro and micro-nutrient elemental concentrations in
the foliage of a variety of plants is shown in Tables 2.2 and 2.3."" The distribution of
inorganic material within plant tissues 1s largely heterogencous. Furthermore, some

species are more selective of particular elements than others.

Table 2.2 Range of macro-nutrients in leaves of normal plants (ppm in dry matter)"”

ELEMENT N P S Ca Mg K Na Fe
Concentration 15000 - 1500 - 1000 - 10000 - 10000 - 15000 - 200 - 5() -
(ppm dab) 35000 3000 3000 50000 25000 50000 2000 300

Table 2.3 Range of micro-nutrients in leaves of normal plants (ppm in dry matter)'"”

ELEMENT Mn B /n Cu Mo Co Cl

Concentration 25 - 250 15 - 100 15 =D > =13 0.5-5 0.2-29 100 - 1000

e -

All the elements fulfil an important physiological function in maintaining an acid-base
equilibrium. Potassium, which is generally the most abundant cation in the sap of plant
cells, is an osmotic regulator, but must be balanced by its antagonists, principally
magnesium and calcium. Magnesium 1s a constituent of chlorophyll, the essential

photocatalyst of photosynthesis, and is also associated with many plant proteins."”

The function of calcium in plant metabolism 1s less well understood. It appears that

calcium is implicated in some way with membrane stability, with the maintenance of
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chromosone structures and with the activation of many enzymes. Calcium may be
found in significant concentrations in cell walls as the insoluble salt of pectic acid. It
appears that calcium pectate acts as a cementing agent in the cell wall thereby increasing
the rigidity of the structure. Other acid radicals include carbonates, phosphates,
silicates, sulphates, and oxalates. The inorganic matter is found to be distributed
throughout the cell wall or as accumulations in the form of crystals or amorphous

deposits.8-2%2)

The lumina of living and dead wood cells may contain a variety of substances described
as cell inclusions or extraneous materials. The main inorganic inclusions found in a
wide variety of plants and woods are crystals of calcium salts and silica grains. The
most common consist of calcium oxalate deposits, although other crystals in the cells
include the calcium salts of phytic acid, and in certain seaweeds calcium carbonate
provides a hard articulated external casing. More rarely, calcium phosphate cell
inclusions have been reported. Calctum salts do not occur widely in plants as
supporting structures in contrast to their widespread use as skeletal and protective
structures in the animal kingdom. Calcium oxalate crystals are usually formed close to
the surface of the plant. It is believed that the morphology, hardness and relative

insolubility of calcium oxalate crystals serve to deter chewing insects and moluscs. It

appears that water in the xylem evaporates from mature photosynthetic tissue to

precipitate calcium oxalate.!'*****#)

Calcium oxalate crystals have been found in a variety of shapes and sizes, and occur
mainly in wood species. The calcium salts tend to develop as either ‘rhomboidal’
structures occupying almost an entire cell, or as bundles of needle-like parallel crystals
termed ‘raphides’. Silica is deposited as grains, ‘crystal sand’, or amorphous granulated
lumps and are a feature of the axial and ray parenchyma cells of certain woods,

particularly tropical woods.***)

The micro-elements also have specific functions in plant metabolism. For example, iron
is an element of the organic molecule that ensures cellular respiration. Zinc appears to

be involved in the biosynthesis of enzymes and hormones, boron in the transport of
carbohydrates, and chlorine in an essential stage of photosynthesis. As for manganese,

of which plants may abstract excessive quantities from the soil, trace amounts can
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activate a whole sequence of enzyme catalysed reactions. Molybdenum is the essential

trace constituent for the enzymatic mechanism for the reduction of nitrates.

2.2.4 Nutrients of the soil

Unlike the major cell wall components such as cellulose and lignin, the nature and
amount of the inorganic material has been reported to vary to a great extent with the
environmental conditions under which the wood is cultivated, in particular the nutrient
status of the soil. Calcium, potassium and magnesium occur in the soil mainly in
inorganic compounds but significant amounts are associated with organic materials in
humus. The larger part is present in minerals such as feldspar, biotite, montmorillonite
and anorthite in combined forms which are not directly available to plants but from
which the elements are released as exchangeable and soluble cations by weathering.

Most of the exchangeable K, Ca and Mg are associated with clay particles. Both the
chemical and physical properties of the clay component of a soil have a direct bearing
on the plant life which the soil supports. The bulk of the sulphur in fertile soils is
present as insoluble minerals such as pyrite (FeS,), sphalerite (ZnS), chalcopyrite

(CuFeS,) which are slowly oxidised to sulphates, and gypsum (CaSO,.2H,0). Most of
the inorganic phosphorus occurs as iron and aluminium phosphates and also in

association with clay minerals. These nutrients are absorbed from the soil in the

oxidised forms (SO,* and H,PO,).®"

Fuels may be derived from crops in solid, liquid and gaseous form. The methods of
converting crops to biofuels are varied and reflect the diversity of the biomass resource.
The drier, lignin-rich materials (wood for example) are best converted by thermal
processing (combustion, gasification and pyrolysis). Biomass of a higher moisture
content can be converted to either a liquid or a gaseous fuel through biological
processing (fermentation under anaerobic conditions). In the latter case, anaerobic
digestion will yield a methane-rich biogas of medium calorific value. Other
fermentation techniques can yield liquid fuels, the most important of which is ethanol.

More recently the conversion of rapeseed oil via esterification to a diesel substitute has

received much attention.t”
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2.2.5 The Enniskillen CHP Unit

The first combined heat and power installation in the UK fuelled by short rotation
willow is operational at Enniskillen Agricultural College, County Armagh, Northern
Ireland. The CHP unit consists of a Belgian designed Louvain-Martin downdraft
gasifier, a gas clean-up train, and an Iveco 100kW, dual fuel generator set. Exhaust heat
is used to dry the fuel on an under-floor ventilated system, and the jacket heat preheats
the central heating water returning to the boilers from the college. The annual

consumption of SRC wood chips is 489 tonnes at an average moisture content of

25%-(11,25)

2.2.6 The THERMIE programme

In 1990, the Directorate-General for Energy (DGXVII) of the European Commision
launched a programme called THERMIE, with a budget of 700 million ECU, to foster
innovative non-nuclear energy technologies under four categories: rational use of
energy, hydrocarbons, solid fuels and renewable energy. In principle, the THERMIE
programme was prepared to offer financial support to projects involving major

investment, up to the scale of demonstration plant.!'”

The THERMIE programme is promoting a biomass gasification project, entitled Project
ARBRE (Arable Biomass Renewable Energy). The project is a joint venture conducted
by AEP (Associated Energy Project), TPS (Termiska Processer) and Yorkshire
Environmental, a subsidy of Yorkshire Water and leader of the consortium. TPS
Termiska Processer is an independent Swedish company, formerly part of the Swedish
energy engineering group Studsvik and now owned by a group of Swedish municipal
energy suppliers and the Federation of Swedish Farmers. For more than ten years the

group, known as TPS, has been involved in advanced combustion and gasification

technology of biomass fuels, including wood, and more prominently refuse derived
fuels (RDF). TPS developed a design for a circulating fluidised bed gasifier operating
at atmospheric pressure, suitable for gasifying biomass including RDF; two 15SMW,

units based on the design have been operating in Greve-in-Chianti in Italy since 1991,

gasifying RDF."” TPS has placed particular emphasis on gas clean-up technology,
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including a proprietory tar cracking technology, essential if the fuel gas from the

atmospheric pressure gasifier is to be compressed to feed a gas turbine.

AEP, a subsidy of a French Water Company, are the part owners of the SELCHP (South

East London Combined Heat and Power) municipal solid waste incinerator.

The prospect of applying sewage sludge as a fertiliser for the SRC is an attractive means
of sewage sludge disposal in light of the international agreements to prohibit the

disposal of sludge at sea. Thus Yorkshire Water have a vested interest in Project

ARBRE.

Project Arbre has also received NFFO support, the premium price of electricity secured

at 8.75p/kWh.

A 10MW,, circulating fluidised bed gasifier designed to accommodate biomass in the

form of SRC is proposed. Willow of a three year cropping cycle, is to be cultivated on
2000ha of land, some of which is registered as set-aside, specifically as fuel dedicated to
the project, with the plant in commercial operation by 1999. The yield of SRC is

expected to be of the order 12 dry tonnes per hectare per annum. Initially, whilst the

SRC is reaching harvesting maturity, wood chips derived from local woodland and

forestry management practices will be required.

The plant will incorporate a tar cracker with a dolomite catalyst, a conventional gas
cleaning facility (a hot cyclone, bagfilter and wet scrubber), and a gas turbine
configuration linked to a steam turbine via a heat exchanger (boiler). Gases leaving the
tar cracker at a temperature of ~900°C contain entrained particles of ash and dolomite.
The adjacent boiler 1s designed to cool the exit gases to the region of 200°C for the
Teflon based bagfilter. On the pilot plant, the Shell cooling boiler experienced fouling
problems, even on runs of short duration. A comprehensive analysis of the fuel ash

characteristics is a prerequisite to the successful design and operation of the plant.

2.3 Poultry litter

Poultry litter is composed of droppings, feathers and bedding material (up to 10% straw
or wood shavings) and is removed from broiler houses where birds are intensively

reared for meat production. Approximately 1.8 million tonnes of poultry waste is
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produced in the UK per annum and disposal presents an escalating problem.?® The
traditional method of disposal has been by direct use as a fertiliser, yet in some instances
the local production outweighs demand and the material is landfilled. These disposal
routes have the potential to cause contamination of ground water by nitrate leaching
from the litter, with fines for the adulteration of watercourses as much as £20,000 per
offence.” The Government has announced plans for a restriction on the application of
organic manures on land vulnerable to nitrate saturation, to comply with the EC
directive which aims to protect water from nitrate pollution. The compulsory measures,
enforced in 1996, include a limit of 210kg per hectare of nitrogen for organic manure, a
closed period for slurry spreading on grassland between September and November, and
on other land between August and November. Records of all fertiliser application will
be obligatory. With ample quantities of litter available, and with the tendency to use it
close to where it is produced due to high transport costs, certain parts of the country are
becoming saturated with the phosphates and potash contained in the fertiliser.
Alternative, environmentally acceptable disposal routes lie in its use as a potential fuel
to provide energy for the space heating of broiler houses or for larger schemes involving
power generation or combined heat and power. Poultry litter has a calorific value of

13.5MJkg", about half that of coal."® The ash remaining after combustion retains much
of the original phosphate and potash but none of the nitrates, making the ash a useful

fertiliser which is sterile, creates no odour, and is easier to handle and cheaper to

transport than the poultry litter itself. The ash can be sold as a fertiliser for about £40

per tonne.

2.3.1 The Eye power station

A 12.5MW, poultry litter fired power station is now operational at Eye in Suffolk. The
Fibropower plant, commissioned in July 1992, is the world's first commercial power
station fuelled by poultry litter. The fuel is gathered from around 200 local intensive
chicken and turkey farms within a 40km radius of the site; 30 lorries, each bearing 25
tonnes of litter, arrive every day. Once transported to the power station, the litter is

stored 1n a specially designed fuel hall at a sub-atmospheric pressure, to ensure that

odours and dust are contained within the plant.*” The combustion system is a S6MWu,

water-tube boiler fitted with a hearth comprising of four reciprocating grates. The boiler
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consumes approximately 16 tonnes of fuel per hour providing steam at 65 bar and

450°C to a condensing turbo-alternator.”*® The boiler is a three pass, natural convection

system, with an economiser and two banks of superheaters.

Ash from the bottom of the furnace and fly ash from the electrostatic precipitator are
retained for sale as a nitrate-free fertiliser, ‘Fibrophos’. The fertiliser is rich in
phosphate (at least 24wt%), potash (12wt%) and lime (14wt%), and contains additional
plant nutrients (3wt% magnesia and 5wt% sulphate) and essential trace elements which
include manganese, copper, cobalt, zinc, molybdenum, chlorine, iron, sodium and

boron.®®

As designed, the boiler suffered from severe slagging and fouling when first operated.
Slags formed readily on the water walls and excessive formation of deposits occurred in

the convective passes on both the superheater and economiser heat transfer surfaces.

This problem has now largely been overcome with the addition of sootblowers to both

the boiler and the convective pass regions.

A second power station, commissioned in 1993, is also in function at Glanford,
Humberside. The boiler, rated at 13.5MW,, involves a combustion system more
complex than at Eye, and comprises a plate-chain grate fitted with a spreader stoker.
The fuel handling system is designed to break up large agglomerations of litter and
remove stones and other contraries. Initially, a NFFO contract was secured for each
power station, under the first and second Renewables Orders. Thus a guaranteed market

for electricity at a premium price has been established making poultry litter a renewable

source which is economically competitive with traditional methods of power generation.

Following the commercial success of the Eye and Glanford plants, a larger electricity
generating power station of 38MW, is proposed for Thetford, Suffolk.

Legislation to control the current disposal practices of poultry litter and other animal
slurries is becoming ever more stringent. Interest into biomass-to-energy schemes is
expected to grow since they provide an environmentally acceptable disposal route and

generate revenue from heat, electricity and fertiliser sales.
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2.4 Forestry residues

Forestry wastes arise as the result of forestry management practices designed to yield a
timber crop. Production cycles for timber vary from 40-80 years for conifers, and 80-
120 years for hardwoods.®? The greatest commercial value of the tree lies in the stem;
straight, knot-free stems in particular. This is achieved by planting the trees in close
proximity to stimulate rapid, straight growth. Subsequent thinning operations continue
throughout the year to maintain the maximum rate of growth and improve the quality of
the stand by removing defective or misshapen trees. At the final harvest (clearfell) only
the stem is removed. The residues (branches, thinnings and tree-tops) which are not
desired remain on the forest floor as brash. Brash comprises some 30-40% by weight of
a tree for conifer crops and over 50% for deciduous crops. Each year around 4 million

tonnes of residue material 1s produced post-harvest.

Most forest owners do not harvest their own trees but employ a contractor. The trees are

often sold standing, after negotiation with the harvesting contractor, yet the residues
usually remain the property of the woodland owner and a second contractor may be
hired to clear the site.” Removing the brash from forest sites aids replanting and
minimises the risk of pathogen infection for the new crop, but can deplete the soil of
nutrients. In recent years, particularly in Southern Europe, a number of serious forest

fires have resulted from the presence of decaying residue on the forest floor.

The markets for the products of forestry thinning operations (small rounciwood) are
varied. The main use is in paper and particle boards, but traditionally other markets
such as pit-props and fencing have been significant, though these are now in decline.
However, all these markets tend to be volatile and subject to interference from cheap
imports from Europe and Canada. Clearfell residues have a less well defined outlet.
Given the nature of the resource, it is common for the wood to be left on the forest floor
to rot. Where the material is recovered, it is comminuted (usually by chipping) to
decrease the handling costs. Wood chips can be marketed for horticultural mulch or

equestrian flooring.”

The brash may be used as a fuel. Wood has a net calorific value of around 19M]J per dry

kg, irrespective of tree species. The wood of a felled tree contains varying amounts of

moisture, depending upon the species, type of tissue and position within the tree. For
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example, the moisture content (expressed as a percentage of the dry weight) can range
from as low as 35% in the heartwood of Douglas-fir to as high as 300% for old growth
redwood. On average, freshly harvested wood has a moisture content of the order 55%
by weight. The calorific value at this moisture content falls to 10MJkg™ or so. Hence
the removal of moisture by drying prior to combustion will improve the net calorific
value; it is also a prerequisite operation for some designs and types of combustor or
gasifier. Drying may be assisted by enhanced ventilation or forced moisture extraction

in a grain dryer. Using such techniques, a water loss of 25-40 % may be achieved over

a 48 hour time period.

In the UK, electricity generation from wood is restricted to locations where sawmill or
paper making residues are co-fired with fossil fuels in existing CHP plants. The extent
to which this practice is currently employed is unknown, but 1t is unlikely to yield more

than a few megawatts of power. By comparison, electricity generation from wood is
commonplace in North America with 6000MW, of installed capacity. In Scandinavia

wood fuel is routinely used in district heating plants.!”

The ash produced from combustion of the wood fuel presents few disposal problems as

it is not contaminated and has value as a fertiliser. Indeed, in Scandinavia the ash is

routinely returned to the forest as a means of nutrient recycling.

2.4.1 Wood ash composition

Wood has a complex structure which is composed of three major organic substances,
cellulose, hemicellulose and lignin, all polymeric in nature.?9) Wood wastes such as
pine sawdust average about 50% moisture, 40% volatile matter and 10% fixed carbon,
and have an ash content of less than 1wt% of the dry wood. It is apparent from the
literature that the physical and chemical properties of wood vary widely not only with
species but also with the available mineral nutrients of the growth media. The range in

composition of wood ashes from various species of tree is given in Table 2.4.G0
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Table 2.4 Range of ash composition in wood ash©0

OXIDE CaO

S10, Fe, O, MgO K,O Na,O P,0q SO,

2 -7 | -2 30 - 60 5-10 10 - 30 2 -15 S-15 | -5

; wt% (dab)

Calcium, potassium, sodium and phosphorus are the dominant elements in a wood ash,
in comparison with silicon, alummium and 1ron in a coal ash. Wood combustion
therefore produces a highly alkaline ash (pH 9-13.5).°D) The ash may be used in a

variety of agricultural applications since 1t 1s an excellent source of potash (K,0), lime

(Ca0) and other plant nutrients. Alternative markets exist, including the application of

wood ash as a binding agent, a glazing base for ceramics, a road base, an additive in

cement production, and an alkaline material for the neutralisation of wastes.

Table 2.5 Composition of wood ash (in ppm) as a function of combustion temperature)

ELEMENT TEMPERATURE (°C)

(ppm) 538 649 760 871 982 1093
Silicon 33867 39777 42647 31997 46477 35267
Aluminium | 10415 12825 13115 10115 13415 11015
Iron 8796 11951 998 | 8219 22411 16781
Calcium 187480 217480 241180 216080 238980 264580
Magnesium 59730 68060 76970 69170 80470 89100
Potassium | 110500 86590 47720 79860 51970 4026 !

 Sodium 2961 4947 4365 1643 1479 <100
Phosphorus | 16950 19060 21720 19370 21030 25460
Manganese | 10549 11789 13489 11859 16609 21680
Titanium 780 1060 1012 777 957 796

The physical and chemical characteristics of Lodgepole pine sawdust ash have been
reported by Etegni and Campbell.®!) The results, shown in Table 2.5, constitute a more
detailed wood ash composition, and show a temperature dependence of the wood ash
yield and composition. The ash content was found to decrease by 45% as the

combustion temperature was raised from 500 to 1200°C. The reduction in ash content

with temperature was caused by the progressive volatilisation of alkali metal (K, Na)
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compounds. Using X-ray diffraction the major components of the wood ash were tound

to be lime, calcite, portlandite [Ca(OH),] and calcium silicates.

The inherent ash content of bark from various trees lies between 0.5 and Swt% and 1s
five to ten times greater than that of the whole wood. Typical ash analyses of various
kinds of wood bark are shown in Table 2.6.G39 However, the bark residue from timber
production processes 1s often severely contaminated by soil, gravel and sand.
Subsequently, the ash content 1s considerably increased and the ash chemistry altered.
A detailed analysis of all parts of various trees indicates that the nitrogen concentrations
in bark are 3-9 times higher than those in wood (~0.1%), which 1s 1mportant n

evaluating the amount of prompt NO, produced and the consequential impacts on the

environment.
Table 2.6 Typical ash compositions of various wood bark")
OXIDE Douglas Cedar Lodgepole Spruce
(wt%) fir pine
SiO, 139 44.0— 12.2 32.0
Al,O, 8.7 13.8 8.7 11.0
| FeO, | 44 7.2 5.6 64 |
CaO >1.4 13.9 48.0 25.3
MgO 3.2 3.1 1.8 4.1 |
Na,O 5.3 6.6 8.4 10.4
MnO 0.3 0.1 0.2 1.5
TiO, 0.4 0.8 0.3 0.8
SO, 2.9 3.1 3.3 2.1
Cl 0.4 0.7 0.4 Trace
2.5 Straw

Agricultural wastes include stems, leaves, roots, seeds and chaff. In Britain the major
crop residues are the cereal straws such as wheat, barley, oats and rye. Straw 1s also
available from other crops such as oil seeds. The production of straw is seasonal and
localised, with the greatest straw density in East Anglia. An estimated 13.7 million
tonnes of straw are produced at cereal harvest in the UK each year, of which half 1s
baled for animal bedding and roughage, and to fuel small on-site boilers for heating

)

farmhouses."” Former tradition was to burn the

The remaining residues are waste.
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residues in the fields along with the stubble, however since the harvest of 1992, EC
legislation condemns such practices. At present the straw is ploughed back into the soil.
This practice does have some value as direct nutrient replacement on some soils, but
deep cultivation is often required and this is a highly energy-intensive process. In
addition there is some doubt as to the long-term viability of this disposal option for
particular soils. This provides a strong incentive to develop alternative uses for crop
wastes. Arguments have been made that the removal of straw will rapidly deplete the
soil of valuable nutrients and accelerate soil erosion. However current harvesting
machinery does not pull out the plant roots which contain many more nutrients than the
stems and leaves.32) The attraction of agricultural wastes for potential fuels is that the
cost of producing the fuel is included in the cost of producing the primary crop, and the
additional expenses are for harvesting, storage and transportation of the residue itself.
These costs may, however, be considerable given the low bulk density of the residues

and the large areas over which they are distributed.

The level of straw production will ultimately be reduced by reform of the Common
Agriculture Policy (CAP) by the EU. A main element of this policy is Set-Aside, which
is a measure to reduce the overproduction of food by effectively subsidising farmers to
leave parts of their land fallow. In 1993, 15% of arable land was eligible for set-aside.'”

There is some evidence that introducing a fallow year into the cropping cycle actually

leads to increased yields in the following years.

The use of straw as a fuel is commonplace at the small scale (up to 100kW), using
whole bale burners mainly for on-farm domestic space heating®®., The only country
exploiting straw for electrical power generation 1s Denmark, where taxes on imported
fossil fuels make the conversion of agriéultmal wastes such as straw economically
attractive. Originally the taxation was introduced as the result of the energy crisis in the
1970’s increasing the price of fossil fuels. At that time, prior to the development of the
Danish gas fields, almost all Denmark’s fossil fuels were imported. The tax is now
retained for environmental reasons. In Denmark, the energy produced is mainly used in

district heating plants, although power generation via CHP schemes at around 30MW,

is also in commercial operation.
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2:5.1 Straw ash characteristics

Straw is a material of low bulk density averaging 15% moisture at the time of
harvesting, 70% volatile matter, 15% fixed carbon, and less than 8% ash on a dry
basis.(33:34) At this moisture content the calorific value of straw 1s approximately
15MJkg™"', about half that of coal, and this value 1s independent of straw type. A

considerable variation in the ash contents and ash compositions of several cereal crops

1s reported.

The range of ash contents and compositions of several cereal crops, are given in Table
2.7, which has been compiled from the results obtained by Livingston®3) and GhalyG4.

The diversity of data from one location to another may be attributed to the difference in
soil quality and pH, climate, irrigation practices and fertiliser applications. As with
wood fuel, the ash left after straw combustion has value as a fertiliser and can be

returned to the soil.

Table 2.7 Ash content and composition of cereal straws(33.34)

Wt%

Ash content 3-4 3-6 4 -8 2-6 % .7
Si0, 27 - 70 26 - 54 15 - 66 40 - 47 8 - 12
Al, O, <l-1 <1-6 <1-5 | -6 <1 .3
Fe,0, <l-1 <l1-3 <l1-3 1 -3 <1-4
CaO 8-15 6-12 3-9 8- 16 40 - 47
MgO I -5 2-4 2 -7 4 -6 45
K,O 12 - 31 9-4] 10 - 41 14 - 18 8 - 17
Na,O <1=3 <]-1 <l-2 ] -2 ™
P,0. 3-10 4 -7 3-9 6-9 3J-6
SO, 1 -3 ] -3 <l-2 <l-1 2-3

The major problem associated with the use of cereal straw as a fuel is the low
temperature at which ash fusion occurs, and the high volatility of alkali species. This
can lead to boiler slagging and fouling, and necessitates careful design and good
combustion control. This is less of a problem with oilseed straws. which produce ashes

with a higher melting point.
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The oil seed rape straws have significantly higher levels of CaO and lower levels of

SiO, than the cereal straws. Lime is a refractory compound with a melting point of

~2580°C in isolation. Potassium compounds act as fluxes for the more refractory
materials, yet with a high CaO content, the Ash Fusion Temperatures (initial
deformation, softening, hemispherical and fluid temperatures) are relatively high with
an IDT of 1300°C and complete fusion occurring at 1400°C. The rape straw ash is
hardly an aluminosilicate or silicate system but behaves as a complex mixture of
salts.33 The initial deformation temperature corresponds to the temperature in an
operating furnace at which the particles of ash, in transit through the furnace, have been
cooled to a point where they still retain the slight tendency to sick together and slowly
form a deposit on heat exchange surfaces.(®3) The IDT varied from 900°C for wheat
straw ash to 1000°C for oat straw ash under reducing conditions; the ash fusibility
temperatures are generally of a higher value in an oxidising atmosphere. This indicates
that to avoid slagging problems during the gasification of the majority of straws under
review, the temperatures should be kept below 900°C.G4 The inorganic residues in

these straw samples were found to consist of a mixture of S10,, either in amorphous

form or as quartz, and inorganic salts, principally phosphates, carbonates and

hydroxides of the alkali and alkaline earth metals.(33)

As with other biomass fuels, co-firing with coal is a feasible option to give benefits of
higher conversion efficiencies in a larger plant, shared costs for infrastructure, capital,
and labour, and reduced emissions from the fossil fuel. However, co-firing with coal is
likely to increase maintenance costs of the fossil fuel plant and the risks of boiler

slagging and fouling. Furthermore, by co-firing with a fossil fuel the ash creates a

disposal problem.

2.6 Municipal Solid Waste

Wastes produced by households, industry and commerce (municipal solid waste, MSW)
pose a difficult, costly and potentially hazardous disposal problem. It is estimated that

30 million tonnes of household refuse and 25 million tonnes of combustible general

commercial and industrial wastes are generated in the UK each year.” Table 2.8%9 is a

digest of the annual occurrence of a variety of wastes in Great Britain, including

household, commercial and industrial wastes.
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Municipal solid waste (MSW) 1s a most heterogeneous material, with the quantity of
any particular constituent subject to variation depending upon the location and season.
The average content of MSW 1s shown in Table 2.9.673%)  Cellulosic materials,
including paper, newsprint, packaging materials and food wastes constitute over 50wt%
of MSW. The remainder 1s a mixture of mineral fines (from domestic vacuum
cleaners), metals, glass, textiles and plastics. The moisture content of MSW may range

from 15 to 30%, although it may occasionally be higher depending on the climate.

Also summarised in Table 2.9 are the typical heating values (on a dry basis) of various
MSW components.*®) These values indicate that MSW is a potential source of energy,

with the bulk calorific value averaging 9 MJkg™ for household refuse, and 16.5 MJkg"

for commercial wastes.

Table 2.8 Annual arisings of waste in the UK, 1990-1992(36)

Type of waste An}nfal arisings Percent?ge of
(million tonnes)  total arisings

Household' 30 8
Commercial’ 15 4
Industrial:
blast furnace and steel slag 6 2
power station ash |3 3
Agriculture’ 80 20
Sewage sludge * 35 9
Dredged spoils 29 7
Mining and quarrying:
colliery and slate 51 13
china clay 27 7
quarrying 30 8
Demolition and construction 32 8
Other 50 13

| Includes up to 5 million tonnes from Civic Amenity Sites
2 Includes ~5 million tonnes of waste collected from retail and small commercial premises by Local Authorities

3 Refers to wastes from housed livestock only (wet weight)

4 Wet weight
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The energy content can be recovered by a number of technologies which include

(i) combustion of the raw waste (mass burn incineration)

(ii) combustion after processing to reclaim recyclable components, such as metals
and glass, and reject undesirable components (Refuse Derived Fuel)

(iii)  landfill gas collection and utilisation

At present, over 85% of all household and commercial refuse 1s consigned to landfill,
which in general presents the lowest cost waste disposal option in the UK.®  The
responsibilities for dealing with MSW in England are divided amongst the collection
authorities (District Councils) and disposal authorities (County Councils). General
industrial waste is mostly collected by private contractors. Current landfill practice 1s to
deposit the refuse in layers, usually in clay pits or quarries, subsequently compacting
and covering the waste with soil or an inert fill material. Constituents of the buried
waste decompose biologically and chemically to produce solid, liquid and gaseous
products. Initially, decomposition is aerobic until the oxygen supply is exhausted.
Once anaerobic conditions are established, generally within 2 to 4 years, the bacterial
activity on the organic material leads to the formation of landfill gas. Landfill gas is
primarily a mixture of carbon dioxide and methane (approximately 1:1), with a large

number of trace components such as halogenated hydrocarbons and organosulphur

Table 2.9 Constituents of MSW and typical heating values (dry basis)““"

MATERIAL b o > rel::(:::::;:lle Typic:all::zaﬁng
waste (wt%) material (MJkg")
(% of total waste)
Paper 35 10 - 20 20
Fine material ( <20mm) 19 -
Vegetable matter 18 21
Glass and ceramics 10 5-7 =
Metals 10 5 =7
(non-ferrous 0.7 wt %) (ferrous)
Textiles 3
Plastic | 3
Others 3
Bulk calorific value O - 10 MJ/kg
Ash content 15 - 20 wt%
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compounds.” The mixture of gases percolates through the fill and escapes to the
atmosphere. Emissions of landfill gas, if not controlled, can have serious environmental
consequences. Methane, a colourless, odourless gas, is generally very stable; however,
when mixed with air at a concentration of 5-15% by volume, the mixture is explosive.
Furthermore, methane in the atmosphere is estimated to have a global warming potential
per unit release many times that of CO,. To meet more stringent regulations on the

control of landfill gas, site operators must consider subsurface gas migration, gas
collection, control and recovery systems.®” The calorific value of landfill gas,

attributable to methane in particular, is around half that of natural gas.

The leachate formed by the infiltration of rain through the waste mass, contains organic
and inorganic pollutants and must also be contained and treated to prevent the

contamination of the soil, groundwater and the surface water.

A landfill tax, introduced in October 1996, adds about £5 per tonne to current landfill
prices of between £5 and £50 a tonne.™ Furthermore regulatory pressures are set to

tighten landfill standards, forcing waste management costs to greater limits. Tightening
landfill standards will increase the cost of landfill, thus improving the competitiveness

of alternative disposal routes.

26.1 Incineration of MSW

Incineration is an established means of processing wastes. The principal aim is to
reduce the waste to a small volume (~10%) of sterile ash and thereby provide savings in
transport costs and landfill requirements. Approximately 9% of UK MSW is
incinerated. In many European countries the disposal of wastes by landfill is not
favoured and mass burn incineration has been adopted to a significantly greater extent
than in the UK, for example Sweden 50%, Denmark 60%, France 40%, Italy 20% and
Germany 45%.° The incineration systems are well developed and fully commercial;
the energy is recovered and used for power production or CHP, with the heat often used
in district heating schemes. Such plants typically handle between 35 and 80 tonnes of

waste per hour (250,000 to 600,000 tonnes per year) and produce between 15 and
40MW, O
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In the UK there are 34 large scale MSW incineration plants, mostly built in the 1960’s
and early 1970’s. Of these, only five installations employ energy recovery systems. All
34 plants will require extensive refurbishment in the next few years in order to comply
with the Commision of the European Communities’ Directives on Emissions. The
stricter EC environmental legislation limits the quantities of HCl, cadmium, mercury
and dioxins and other heavy metal vapours and compounds and acidic gases. As a result
the majority are expected to close or to be replaced by new plant incorporating advanced
flue gas cleaning equipment. In all circumstances this will require the use of filtration
and gas scrubbing equipment and the installation of monitoring systems for process
control. Indeed, incineration and flue gas cleaning technologies have advanced
considerably in response to stringent air pollution standards. The present NFFO
arrangements have provided an immediate boost to incineration technologies in

particular. Nonetheless, incineration projects often still face opposition at the planning

stage because of concerns over the environmental effects of these emissions. It is worth
noting that the requirements on emissions control are more stringent than those imposed
for fossil fuel combustion; the range of species regulated is broader and the permissible

levels of emissions required significantly lower.

Only one mass burn incinerator has been constructed in the UK during the last 20 years,
the South East London Combined Heat and Power plant (SELCHP). The refuse
incinerator in North Deptford, Lewisham generates approximately 30MW of electrical
power, consuming over 420,000 tonnes of MSW per annum.“? After many years of
development and sensitive planning, the incinerator was constructed in the heart of a
residential area. The premium electricity price, secured by NFFO, enables SELCHP to

offer refuse disposal contracts at prices that are competitive with landfill costs.

The strict emission regulations now embodied in the EU and UK legislation on
incineration have stimulated interest in gasification and other advanced thermal

processing technologies that may achieve lower overall emissions and greater

conversion efficiencies.
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2.6.2 Refuse derived fuel

MSW may be processed to remove putrescibles, glass, metals and other inert materials,
leaving behind a waste fraction rich in paper and plastics. Hence a fuel of higher
calorific value (17-19MJkg™") may be produced, termed refuse derived fuel, RDF. The
constituents of RDF are shown in Table 2.10“%. The removal of non-combustible
components would reduce the associated ash handling and disposal problems. The
combustible RDF thus obtained can be treated as a composite of cellulosic (more

correctly, polysaccharides) and plastic (synthetic polymers) fractions.

Table 2.10  Constituents of RDF*"

—_——
—— —— ey

MATERIAL | Paper  Plastic Glass Wood  Textile Al foil  Others

e |

Wt% 79-90 9-16 1.3 3.4 [.0 0.5 [.0

— —— — —_ = o ——

e —

Various components of the cellulosic fraction (paper, food and garden waste etc.) have a
heating value of ~20MJkg! (dry basis) and decompose over the temperature interval of
300-400°C.""  The plastic fraction (polyethylene, polystyrene, polypropylene)
depolymerise at higher temperatures (400-500°C) and their energy content is about
twice that of cellulosic materials. The plastics previously mentioned exclude

chlorinated plastics such as polyvinylchloride (PVC), which decompose at lower

temperatures, within the range 250-400°C. The average distribution of plastic material
in MSW and RDF i1s presented in Table 2.11.4% Newsprint and polyethylene constitute

the major portion of paper and plastic wastes in RDF.

Table 2.11 Average distribution of plastic material in domestic refuse(43)

PLASTIC Wit%
Polyethylene (PE) 58
Polystyrene (PS) 20
Polyvinylchloride (PVC) 8
Polypropylene (PP) N

Thermosetting resins (e.g. phenol formaldehyde resins &
miscellaneous plastics)
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Minimal processing of MSW results in coarse RDF (¢-RDF) which is normally burned
in a dedicated combustion plant using either fluidised bed or conventional grate
technology. It is most likely that future plants employing c-RDF will be established as
large scale, integrated waste processing power generation facilities. Secondary products
will be recovered from the gas stream (ferrous and non-ferrous metals have reliable
markets) and the fuel fraction will be combusted on site in high efficiency, probably
fluidised bed boilers to generate electricity at over 500kWh per tonne of waste.”
Fluidised bed combustors firing pre-sorted waste are common in Japan. Elsewhere in

Europe and the USA the fluidised bed technology for RDF combustion is being

reviewed with increasing popularity.

MSW may be further treated to recycle certain materials. In essence the waste is
pulverised and then divided into three size fractions, <ISmm, 15-150mm, and >160mm.
Fines and oversize material are transported to landfill, whereas the bulk section passes
through an air classifier, a scalping magnet to remove the ferrous metals, a drier to
reduce the moisture content to ~10%w/w and finally a pelletiser.44) The refined, dried
and compressed product, termed densified RDF (d-RDF), is amenable to storage and
transportation, however the net energy per tonne of waste is significantly lower than that

available from ¢c-RDF.

Developments in the UK have largely focused on the production of d-RDF aimed at the

industrial boiler market. Several full scale fuel production plants have been built and
operated, with a total annual production capacity of ~130,000 tonnes.“”? The

manufactured d-RDF pellets consist principally of paper and plastics and to a lesser

extent textiles and miscellaneous combustible matter (wood, garden waste etc.). The
non-combustible matter (ash) consists primarily of silica and alumina, with substantial

amounts of Na, K, Mg and Ca oxides.

2.6.3 RDF ash characteristics
The average ash content of RDF lies within the range 12-15% on a dry basis. The

contents of both volatile organic and inorganic material are much higher in RDF than in

bituminous coals, averaging 60-70%. The ash composition data shown in Table 2.12

originate from RDF samples from three different areas in the UK. (42)
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Table 2.12 Ash composition of RDF#2)

OXIDE | Si0, ALO, Fe,0, Ca0 MgO NaO0 K,0 TiO, PO, SO,

e
|

f

Wit% 46-48 |5-19 4-6 14-16 2-3 4-6 -2 2-4 0.5-1 |-2 :
| SRR e R R

The RDF ashes have similar levels of S10, and K,O to those of coal ashes, but possess
relatively high CaO and Na,O contents. The ashes also have relatively short fusion

ranges; initial deformation to complete fusion occurs between about 1100 and 1250°C.
This 1s fairly typical of ashes with relatively high levels of alkali and alkaline earth

metals.

RDF is usually incinerated on chain grate stokers. Fouling rather than slagging is
predominant during RDF incineration, although some sintering of ash is possible as the
deposits build up and the outer surfaces approach the high temperature of the flue gas
stream. Species which lead to fouling are generated either from the non-combustible
material, for example fillers in paper, or from entrained particulate matter and volatile
molecular species.*¥ In fixed and moving grate boilers 1t has been found that the ash
deposits formed during the combustion of RDF difter considerably from the slag formed
during coal combustion. The deposits from low alkali coals are similar in composition
to the fuel ash, whereas the deposits formed on RDF combustion contain more than

90%w/w alkali sulphates (that is Na,SO, and K,SO,).#% The sulphate content of a

RDF ash deposit has been found to decrease by ~10% from the inner layer adjacent to
the boiler tube, to the outer layer. The change has been attributed to the increase in
surface temperature as the deposit thickened, causing the higher melting material to

soften and become sticky. Alkali silicates were formed in preference to alkali sulphates,

resulting in a strong fused bond in the outer layer.

The principal step in the process of deposit formation during RDF combustion involves
the volatilisation of the alkali metal species, which condense on the cooler heat transfer
surfaces to form the bulk of the deposit. The alkali metals in RDF can be present as
simple inorganic salts or as constituents of clay minerals, glass or other silicate based
materials. The alkali metals in the inorganic salts are more likely to volatilise during the
combustion process than those present in silicate form. Tests performed on RDF ashes.

involving a solution to leach out the inorganic salts from the ash, indicated that around
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45% of the total Na,O and 70% of the total K,O in RDF can be considered available for

volatilisation during combustion.*2) Furthermore the volatilisation of alkali metal salts
is enhanced at increased heating rates. The implication of these results is that a

significant release of sodium and potassium compounds is to be expected under

combustion conditions.

2.6.4 Dioxins and Furans

The formation of small amounts of the highly toxic species 2,3,7,8-TCDD (tetrachlor-
dibenzo-dioxin) has repeatedly been confirmed during the operation of certain industrial

9 According to a

processes, in particular processes used for the incineration of waste.
recent review of dioxin emissions in the UK, municipal solid waste combustion 1s a
principal source of dioxin production, as indicated in Table 2.13.%7 Since December
1996, a limit of 1 nanogram per cubic metre has been enforced, following increased

public concern over the toxicity of dioxin emissions, which are considered powertul

carcinogenic compounds.

Table 2.13 Dioxin emissions from combustion in the UK

SOURCE grams TEQ
MSW combustion 460 - 580
Coal combustion 5-67

~ Sewage sludge combustion 0.7-6
Clinical waste combustion 18 - 88
LLandfill gas combustion 1.6 -5.5

Of the plastic constituents of RDF (Table 2.11), a significant proportion can be
attributed to PVC (polyvinyl chloride). Incomplete combustion of chlorinated organic
compounds can lead to the formation and subsequent emission of dioxins
(polychlorinated di-benzo-p-dioxins, PCDDs) and furans (polychlorinated dibenzo-
furans, PCDFs), although the mechanisms involved in the formation of the compounds
can only be hypothesised at present. Dioxin and furan compounds are also emitted
during the combustion of clinical waste and coal, and to a lesser extent from sewage

sludge and landfill gas.

In order to minimise emissions of dioxins, restrictions are placed on waste fired

combustion systems relating to minimum temperatures and residence times, including
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the specification of a secondary combustion chamber for certain wastes. More recently
attention has focused on the downstream conditions, and restrictions have been placed

on boiler exit gas temperatures and gas cooling, to avoid long periods in the temperature

regime 450°C and 200°C which favours the synthesis of dioxin compounds.“*®

2,6.5 Inorganic fillers

Refuse derived fuel is predominantly comprised of paper (79-90wt%) and plastics (9-
16wt%), as shown in Table 2.10. Thus, RDF ashes will contain the residues of

inorganic material derived from the fillers, of which kaolin, calcite, silica and titania are

most widely employed in paper, plastics, rubbers, and textiles.

Fillers, described as inert or reinforcing materials, are particulate additives which differ
from the material of the matrix with respect to their composition and structure for the
purpose of reinforcement or dilution. Fillers are generally inorganic by nature, and less
frequently organic. Inert fillers, or extenders, serve to increase the bulk density and
reduce the cost of a product, there being generally no alteration in mechanical
properties. Reinforcing fillers produce specific improvements in mechanical and
physical properties. Effective reinforcement depends on:

(1) the net surface area of filler per unit volume in contact with the matrix

(11)  the specific activity of the filler-matrix interface,
resulting in chemical and/or physical bonding
(111) a geometrical factor:
the structure, morphology and porosity of the filler particle.

2.6.6 Kaolin

One of the most widely used minerals for fillers and coatings is kaolinite, a hydrated
aluminium silicate (Al,0,.2S5i0,.2H,0). Kaolinite is a major clay mineral constituent of
the rock kaolin. The term kaolin, also known as porcelain earth and china clay, is a
name for the group of minerals kaolinite, nacrite, dikite and halloysite. Kaolinite is by
far the most common mineral of the group. The structure of kaolinite is based upon

composite layers which comprise extended sheets of SiO, tetrahedra in a hexagonal

array, bonded to a layer of composition (OH),-Al,-(OH),0,.°"

Kaolin is primarily employed as a filler in the paper industry, which accounts for 50%
of the total consumption of the mineral world-wide. The structural backbone of all
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paper grades consists of an interlocking hydrogen-bonded network of cellulose fibres.
Kaolin is incorporated into the cellulose matrix to enhance the texture, print quality,
opacity and brightness of bleached paper. The fine-grained nature and plate-like
morphology of kaolinite crystals improve the opacity and surface uniformity by
occupying voids in the fibre network. To increase the fidelity of ink on paper, kaolin is
also employed as a coating, further improving texture and reducing paper porosity.
Other specific fillers used in paper manufacture include CaCO,; (natural and
precipitated) and TiO, (anatase and rutile). Fillers may comprise up to 25-50% of the

total product weight.*?

In Britain, kaolin is generally of a lower cost than most filler materials with which it
competes due to the extensive china clay deposits in Cornwall. Kaolin 1s also used as a
filler or extender in the rubber industry, in which kaolin imparts increased tensile
strength and dimensional stability, increased resistance to tear and abrasion, smoother
surfaces, and improved aesthetics. Kaolin is widely used in plastics to produce products
of increased durability and dimensional stability, to increase resistance to chemical
attack, reduce costs, and improve surface properties. Kaolin has many other significant
filler applications, which include detergents, pastes, textiles, linoleum, inks, adhesives,

Insecticides, medicines, catalyst preparations, fertilisers, and cosmetics.

2.6.7 Calcite

Calcite is one of the most abundant and widespread minerals in the Earth’s crust and is
found in a great variety of sedimentary, metamorphic and igneous rocks. It is an
important rock-forming mineral and is the major constituent of limestones, marbles, and
many carbonatites. CaCO, has three polymorphs, calcite, aragonite and valente
(metastable), of which calcite is the most stable under atmospheric pressure-temperature
conditions and the most common polymorph to form as a result of CO, in the
atmosphere, hydrosphere, lithosphere, and in the upper mantle reacting with CaO in
magmas, crustal rocks and the oceans. Calcite crystals exhibit a variety of crystal
morphology of which rhombohedra are the most common. When pure, calcite is either

colourless or white and is the most important filler, in terms of weight, used in plastics
to provide opacity, and reduce costs. Ground chalks are frequently employed in
thermoplastics, particularly in PVC. Synthetic, precipitated carbonates (CCP) are
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custom-made for individual ficlds of application in which an aragonite structure, a high
degree of purity, and particle sizes in the range 0.004-0.07um are preferred.
Improvements in impact and tensile strengths, and elastic moduli are to be gained in

using CCPs.

2.6.8 Titania (TiO,)

Of all white pigments, TiO, is now the most widely employed in the manufacture of
paint (>50%), paper (25%), rubbers and plastics(15%). Titania has three naturally
occurring polymorphs, rutile (tetragonal), anatase (tetragonal), and brookite
(orthorhombic), of which rutile is the most prominent. Rutile is widely distributed as an
accessory mineral in many rock types, ranging from plutonic to metamorphic rocks, and
even as detrital material in sediments and placers because of the resistance to
weathering. Rutile and anatase, when pure, are used as white pigments and are of

particular value because of the exceptionally high refractive indices of both polymorphs
in the visible region of the spectrum. Rutile has a higher refractive index than anatase,
and a somewhat greater opacity, thus most of the TiO, currently produced is of this

form. Only rutile is of significance to the manufacture of thermoplastics and quality

paper, whereas as anatase finds application in automotive tyres.

2.6.9 Silica
- Naturally occurring silicas include quartz, quartzite, novaculite, tripoli, and
diatomaceous earth, which differ relative to the degree of crystallinity and particle size.

Quartz is commonly used as a filler, as are ground silica glasses.

2.7 Tyre Waste
36 million tyres (470,000 tonnes) are scrapped annually in the UK, and disposal

presents a mounting environmental and economic problem.!? It is estimated that
around 380,000 tonnes per year are surplus to current recycling activities, which include
reclaimation of the rubber, remoulding and processing to rubber crumb. Outside the
rubber industry, scrap tyres are used to some extent as fillers for asphalt in the surface
treatment of playgrounds and racing tracks. Disposal is primarily by landfill or surface

stockpile and costs on average £40 per tonne, but can in some instances be as much as

£60. The calorific value of scrap tyres is on average 32MJkg™ which is in fact greater
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than that of a typical UK coal. Waste tyres are thus an attractive feed stock for energy

recovery processes which provide a constructive solution to the waste disposal problem.

Scrap tyres are an inhomogencous form of waste, and the composition varies depending
on the tyre grade, age and manufacturer. The tyre is a composite structure, designed to
meet several contradictory demands. The conventional passenger car tyre, the radial
tyre, has three distinct components:

(1) steel wire beads to anchor the tyre to the wheel nm;

(i)  high tensile cords (polvester, ravon, nylon, finely drawn steel) secured to
each bead to provide strength, rigidity and support

(iii)  a matrix of rubber compounds to provide road contact and traction, contain
air and insulate the cords from self-abrasion and fatigue.

2.7.1  The rubber compound

Rubber compounds are a complex mixture of polymers, carbon black, mineral fillers,
curatives, plasticisers and other components. The composition of a typical car tyre
rubber compound is shown in Table 2.14."" The greatest volume of rubber used 1n tyre
manufacture is a synthetic co-polymer, styrene-butadiene rubber (SBR). Other rubbers
consumed by the tyre industry include natural rubber (NR), the synthetic counterpart

cis-1.4-polyisoprene (IR), and cis-1.4-polybutadiene rubber (BR).

Table 2.14  Composition of a typical car tyre rubber compound™”

T —— B
COMPOSITION Wit%

SBR 62.1 '

Carbon black 31.0

Extender o1l * 1.9

Zinc oxide 1.9

Stearic acid 1.2

Sulphur 1.1

Accelerator 0.7

* The extender oil, a mixture of aromatic hvdrocarbons, serves to improve the workability of the rubber.

In every part of the tyre, a compromise is made between conflicting materials properties.
Rubber blends are used to obtain the most favourable balance of properties which

Include the desired performance characteristics, the material costs and processability.

Solution polybutadienes. used almost exclusively in tyre manufacture, are blended with
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SBR and natural rubber to impart outstanding abrasion resistance to the tread

compounds of both passenger (SBR) and heavy-duty (NR) tyres respectively. For
applications in which good hysteresis propertics are required, such as in heavy-duty
tread and carcass formulations for lorries, acroplanes and tractors, polyisoprene rubbers

are used in combination with natural rubber and BR.&4*%

Raw uncompounded and unwvulcanised rubber is itself of negligible use. Rubber is
ultimately composed of long flexible coiled molecules, randomly agglomerated and
entangled. The molecules are formed by the repetition of one or two, occasionally
several, alternating monomers repeated in varying ratios and sequences. The secondary
forces acting between the molecular chains are of a physical nature and decrease rapidly
with increasing distance between molecules and with increase in temperature.
Unsatisfactory mechanical properties, weak form stability, predominant plasticity,
considerable sensitivity to temperature change, solubility in organic liquids and further
technicalogical factors prevent the direct use of unmodified rubber. The introduction of
primary chemical bonds between neighbouring molecules by vulcanisation, converts the
structure into a three dimensional cross-linked network and produces a material of a
more durable character. The elastic properties are markedly enhanced and extended

over a greater temperature range, the tensile strength and abrasion resistance are

increased, and the hysteresis loss is reduced .39

There are four vulcanising agents and systems in widespread use within the rubber
industry: sulphur systems, peroxides, urethane crosslinkers and polyvalent metallic
oxides (Zn, Ca, Mg, Pb). By far the most common vulcanising methods for natural and
synthetic rubbers are those dependent on sulphur. A substantial increase in the
efficiency of sulphur vulcanisation can be achieved by the addition of a catalyst
(accelerator, typically an organosulphur compound) which significantly reduces the
curing time, promoting successful continuous vulcanisation. The vast majority of
rubber compounds employ vulcanisation activators, of which the most popular activator
System 1s zinc oxide and stearic acid. The mechanism by which these compounds
facilitate the chemical cross-linking process has not been exhaustively studied and

results to date indicate the complexity of the cross-linking reaction.®**”
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2.7.2  Fillers

The mechanical properties of even vulcanised rubbers are not satisfactory in terms of
tensile strength, abrasion, tear resistance, and stiffness. These characteristics, including
the viscoelastic properties, may be further improved by the addition of fillers. Some
fillers mainly affect the processability of rubber mixes prior to vulcanisation and serve
to reduce the cost of the vulcanisate. By convention, such fillers are called 1nert,
inactive or extenders (clay may serve as an example). Other fillers, reinforcing or active
fillers, considerably improve the physical properties of the vulcanisate, in particular the
tensile strength, wear and abrasion resistance. The addition of a reinforcing filler also
increases the energy necessary for the rupture of the rubber and this value may be

considered a simple criterion of the reinforcement.

Carbon black is the outstanding reinforcing filler for both natural and synthetic rubbers.
[norganic fillers are also employed in car tyre manufacture, of which kaolin, CaCO; and
TiO, (anatase) are of most significance. Vulcanisation restrains the long-range
movements of the polymer molecules but leaves the local segmental mobility high;

reinforcement restricts the local freedom of movement.

2.7.3  The ash chemistry of waste car tyres
Scrap tyres have a very high volatile matter content of 60wt%, and a low moisture
content of 3wt% as received. 30% fixed carbon and an ash content of 3wt% on a dry

basis. The composition of rubber tyre ash is given in Table 2.15, adapted from the data

given by Rampling. (5%
Table 2.15 Typical composition of a scrap tyre ash®®
S0, A0, o0, €0 Mo KO NeO 0 S0,

m 36.7 - B 16.5 15.4 1.2 r B 0.9 12.4 9.1

Thermogravimetric analysis (TGA) has been used to study the thermal decomposition of
waste tyre samples, by pyrolysis in a nitrogen atmosphere. The thermal degradation of a
tyre produces a wide variety of liquid and gas phase products in addition to the residual
char. The char yield from tyres was found to range from 32-42wt%, depending on the
composition, in particular the carbon black content. The major products of the initial

stages of pyrolysis at ~330°C are isoprene and dipentene and other smaller compounds.
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Further reaction results in the formation of a wide variety of compounds, by polymer
chain scission or via degradation of the isoprene and dipentene, or (particularly at higher
temperatures or longer residence times) via secondary reactions to form aromatic
compounds. The main gases produced during the pyrolysis of tyres are CO,, CO, H,,

CH,, C,H,, C,H,, C,H, and C,H, with lower concentrations of hydrocarbon gases.®”

Results of resecarch on the combustion of tyres show that they readily ignite and
combust rapidly producing large amounts of heavy volatile hydrocarbons, which must
then undergo further combustion above the bed to achicve a ‘clean bum’. 53) After each
trial in a combustion pot furnace, powdery deposits of carbon and ZnO were found on
the inside of the pot and ducting. The deposition of carbon was the result of incomplete
combustion. It has been suggested that gasification may be a more suitable process for

recovery of the full thermal energy of this type of matenal.

A 25MW, power station dedicated to the combustion of whole car tyres has operated in
Wolverhampton with limited success. The incinerator generated electricity, under a
NFFO contract, by the combustion of more than 8 million tyres a year, supplied by tyre
distributors such as Michelin, Pirelli, and Goodyear.®” An advanced flue gas cleaning

technology system was employed to comply with strict emission regulations. However,
the plant failed to operate to specification, exasperated by the incomplete combustion of

the fuel and severe ash deposition on convector heat transfer surfaces.

Some of the residues from the combustion process have a market value, for example a
fly ash rich in zinc oxide is produced. The tyre industry reclaims the ZnO which is
effectively recycled, steel particles are sold for scrap, and calcium sulphate is used for

building materials.

2.8 Sewage sludge

2.8.1 Methods of disposal

Currently in Britain, 1.5 million dry tonnes of sewage sludge is produced per annum.
In England and Wales around 8% is incinerated with 50% used as a fertiliser in
agriculture, 14% consigned to landfill and approximately 22% discharged at sea. Table
2.16 shows the methods adopted for sewage sludge disposal in England and Wales,
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Scotland and Northern Ireland." The data was collected during a survey of the sewage

authorities in the UK and is tabulated as a percentage of the dry weight.

Table 2.16 Sewage sludge disposal in the United Kingdom, 1992/93(36)

| % dry weight England & Wales Scotland Northern Ireland
| Farmland ‘ | 5_0 _ | |3 52
LLandfill |4 5 6
Sea disposal 22 75 42
Incineration 8 l 0
Other * 6 6 0

——— _

* Other includes beneficial uses of land reclaimation and forestry, and soil and compost products

Since 1989, a little over 25% of sewage sludge has been disposed of at sea. The main
dumping grounds are the Thames Estuary, Liverpool Bay and the Clyde Estuary.
Following international agreements to eliminate disposal of sludge at sea by 1998, there
has been renewed 1nterest in sewage sludge incineration in the UK. However at present
the level of incineration adopted is of the same order as the average within the EU
(~9%), but 1s substantially lower than that in France, USA and Japan, where sewage
sludge incineration accounts for 25-50%.09 The use of digested sewage sludge on

farmland is objectionable due to the enrichment of toxic constituents, particularly heavy
metals, in the soil and consequently in the crops and the ground and surface waters.
However, from 1998 agriculture i1s most likely to remain the principal outlet for sludge

in the UK. Sewage sludge is a source of the essential plant nutrients nitrogen and

phosphorus, as shown in Table 2.17."""

Table 2.17 Typical nitrogen and phosphorus content of sewage sludges
(kgm-3 for liquids, kgt-! for cakes)"""

Sludge type Dry matter (%) Nitrogen Phosphorus
B —L‘;q;i-d rzqiw..w I 5 | .8 0.6
Liquid digested 4 2.0 0.7
Raw cake 25 7.5 2.8
Digested cake 25 7.5 3.9

I'he application of sewage sludge to agricultural land is regulated by the principal
legislative statues, The Sludge (Use in Agriculture) Regulations and the Code of Good

Agricultural Practice for the Protection of Water. The Sludge Regulations dictate the
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maximum permissible levels to which heavy metals may accumulate in sludge treated
soils. They may also require that raw sludge be incorporated into the soil or injected to

prevent odour nuisance. Treated sludge may be surface applied without the need for

Incorporation.

In 1992, approximately 465,000 dry tonnes of sludge solids were applied as fertiliser to
some 5600 hectares of arable land in the UK. By 2006 1t 1s proposed to dispose of
nearly 1 million dry tonnes of sewage on the land. The majority of the sludge will be
applied free of charge, although some water companies, for example Wessex Water,
have begun processing the sewage into pasteurised granules of 92% dry matter at a
predicted cost of £10 per tonne. The granules (containing ~3.5% nitrogen) provide a

form of slow-release nitrogen into the soil, with only half emerging in the first year.

The Agricultural Development and Advisory Service (ADAS) will lead a £1.7m
research programme into the beneficial use of sewage sludge on farmland. The work
will be based at Rothamsted Research Station and the Water Research Centre, with six

sites across the country chosen to study the effects of the sludge on soils and the

implications for productivity and long-term soil fertility."'<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>