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SUMMARY 

International interest in fluidised bed combustion (F .B. C .) derives 

from the fact that it involves new technology and it is the only combustion 

system that can use low grade fuels (including those of high or variable 

ash content) efficiently. 

This thesis presents a study of the combustion of straw in a fully fluidised 

and systematically interrupted flow test rig. 

In the interrupted flow mode, it was found that during the period in 

the cycle when the bed was slumped, due to the reduction in primary 

air, a gasification process took place. This resulted in a higher percentage 

of volatiles being burned in the bed and preliminary results indicated 

that interruption gave an increase in overall efficiency of approximately 

4%. It also led to lower losses being incurred in the flue gases and, 

to a lesser extent, to a reduction in the losses expected due to incomplete 

combustion of the fuel. Elutriation and carbon losses were also reduced 

to 88% and 86% respectively of thoerecorded during uninterrupted fluidis- 

ation. 

By increasing the area of the zone directly above the fluidised bed, 

the products of combustion were decelerated sufficiently to ensure 

that ash was not found on the walls or roof to the same extent as that 

previously noticed on commercial straight-sided combustion chambers. 

Small quantities of ash were found in the ducting leading to the cyclone 

but they were approximately the same for operation in both the un- 

interrupted and interrupted fluidisation mode. 



GLOSSARY 

Fluidised Bed 

A layer of particles through which a gas (most commonly air) is passed 
vertically at a velocity that is sufficiently high to cause motion resembling 
that of a liquid. 

Fluidised Bed Combustion (FBC) 

The combustion of fuels in a fluidised bed 

Elutriation 

The loss of fuel or bed particles carried off the surface of the bed by the 
upward flow of the products of combustion 

Distributor Plate (or 13edplate) 

The base on which the bed material is supported. 

Standees 

Short pipes attached to the bedplate through which air is passed into the 
bed material. 

Sparge Pipes 

Horizontal pipes with drilled holes through which air is passed into the bed 
material. 

Drain Pipe 

A pipe fitted to the bedplate through which bed material can be drained. 

Plenum Chamber 

The space below the bed plate into which air from a fan passes and from 

which it is distributed to the bed plate, stand pipes or sparge pipes. 

Subsidiary Fuel 

Fuel, either gas or oil, used to initially heat up the bed. 

Stoichiometric Air 

The theoretical quantity of air required to burn the fuel completely. 

Excess Air 

The air required in practice in addition to the stoichiometric air to achieve 
complete combustion. 



Freeboard 

The space above the fluidised bed in the combustion chamber. 

Forced Draught 

The air supplied by a fan, normally at ambient temperature, to support 
the combustion process. 

Induced Draught 

The withdrawal of products of combustion from the furnace or boiler by 
means of a fan. 

Balanced Draught 

A combination of Forced and Induced Draught with usually slightly negative 
pressure in the freeboard. 

Cooling Coils 

Pipes passing through either the boiler shell or access ports into the 
combustion chamber, with pumped circulation of water. 

Thermic Syphons 

Tubes attached to the inner walls of the combustion chamber through which 
water or water and steam are circulated by gravity. 

Cooling Surface 

Those parts of the combustion chamber backed by water and of the thermic 
syphons or cooling coils which are immersed by the fluidised bed when 
firing. These surfaces are used as one of the means of controlling bed 
temperature. 

Static Bed Depth 

The depth of bed materials when at rest between the freeboard surface 
and the level at which air is introduced into the bed material. 

Bed Expansion 

The increase in the depth of bed material when fluidised. 

Bed Slump 

The return of the bed material from the fluidised state to the static 
condition. 

Polycyclic Aromatic Hydrocarbons (P. A. H. ) 

A member of the class of hydrocarbons producing carcinogenic activity. 



NOMENCLATURE 

Ab Cross-sectional area of bed (m2 ) 

d Particle diameter (m) 
P 

CEI p 
Mean particle diameter (m) 

g Acceleration due to gravity (m /s2 ) 

H Fluidised bed height (m) 

Ho Bed height at incipient fluidisation (m) 

k Constant 

m Mass of particles in bed (kg) 

t Time 

Tb Bed temperature (°C) 

To Initial air temperature (°C) 

U Superficial gas velocity (m/s) 

UmB Gas velocity at which bubbling first occurs (m/s) 

Umf Gas velocity at which bed becomes fluidised (m/s) 

P Pressure (bar) 

R Universal gas constant = 1.986 

Re Reynolds number dp Upg / ug 

Rem£ Reynolds number based on Um£ 

E. Average voidage fraction in a fixed bed 

Eo Voidage fraction at incipient fluidisation (0.5) 

E mf 
Voidage at minimum fluidisation 

µ Viscosity of gas (kg lm /s) 

v Kinetic viscosity of gas =p (mm/s) 

Pg Gas density (kg/M3) 

Pa Ash density = 2360 (kg/m3) 

PC Carbon density in char, coke or coal particles (kg/m3) 

Pf Density of fluid (kg/M3) 



pp Density of particle (kg /m3) 

ug Viscosity of gas (kg/m-s) 

X Excess Air 
a 

Combustion Efficiency 
c 

hmax Maximum bed to surface heat transfer coefficient (W/m2k) 

kg Gas thermal conductivity (W/mK) 



INTRODUCTION 

The development of modern agricultural systems is economically and 

technologically dependent on there being convenient sources of energy 

available. The efficiency of developed agriculture relies on the use of 

tractors, artificial fertilisers, fresh water and, finally, on transport for 

the distribution of produce; all these operations are energy-consuming. 

However, agriculture also contributes to the world's energy resources 

through biomass cultivation. Wood, for example, both cultivated and otherwise, 

probably satisfies something like ten per cent of the world's energy needs. 

Some one thousand million tonnes of wood are used as a fuel annually 

(D. COUNIHAN 1981); most of this is consumed in the southern hemisphere, 

however as much again is produced in the north but is used mainly for 

construction and paper making. 

It is not always necessary to grow crops for the production of biological 

fuels; vegetable and animal wastes are readily fermented to produce methane 

and research is under way in the U. S. and elsewhere to produce liquid 

fuels from biomass. 

About three per cent of the energy consumed in the U. S. is used in the 

production side of agriculture out of the total of fifteen per cent for the 

entire food system. (B. A. STOUT - 1981). The industry is regarded 

as so important that in the event of future energy shortages, agriculture 

and defence have the top priorities for fuel allocation. The United States 

Department of Agriculture has taken the energy position seriously and 

apart from more efficient management and conservation, it is developing 

biomass-based alternatives to petroleum and liquid petroleum gas. Concern, 

though, is already being expressed about this programme, and it is argued 

that while the utilisation of agricultural wastes is one thing, the use of 

land to produce biomass specifically for oil production for fuel is something 
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quite different (Tables 1& 2). Whilst each American farmer can produce 

food for at least 73 other people (B. A. STOUT - 1981) , the removal 

of land from direct food production could seriously affect another important 

problem - that of world hunger. 

While it may be practical to raise energy crops in countries where there 

is underutilised land, i. e. in the tropics where annual dry matter yields 

can reach 85 t /ha, it is unlikely that such an approach could be widely 

followed in the U. K. where maximum dry matter yields are of the order 

of 20 t/ha. To produce the energy equivalent of present U. K. oil consumption, 

an area of 25mt ha - some 6mt ha more that the whole of the country - 

would be required (D. H. WHITE 1979). 

Suggestions have been made that energy crops in this country could be 

sandwiched between rows of food crops, or even that marginal land where 

other crops will not grow satisfactorily should be used for afforestation; 

while these possibilities should not be ignored, it must be realised that 

the potential benefits will never be substantial. Of greater benefit in 

the short term would be a closer look at the utilisation of biomass which 

is currently dumped or burned as a convenient method of disposal. Straw 

and forestry waste are the two materials in this category which are most 

readily available. 

Before the introduction of the combine harvester, all cereals were stacked 

in the sheaf and protected by a straw thatch. Only a small proportion 

of the straw, however, was used for anything other than feeding to cattle 

or for bedding them, with the subsequent production of farmyard manure. 

Today most of the nutrients required for crop production are supplied 

by manufactured inorganic fertiliser and all grain is stored in bulk, already 

threshed. 

2 



TABLE 1- SOURCES OF VEGETABLE OILS 

Soybear 

Rapesee 

Sunflow 

Safflow 

Peanut 

TABLE 2- SOURCES OF ETHANOL FEEDSTOCK 

Barley 

Grain Sorghum 

Rice 

Corn 

Potatoes 

Sweet Potatoes 

Sugar Beets 

Sweet Sorghum 

Sugar Cane 

Acres required/1000 gals. 

3 SOURCE - MILLER 1981 

0 10 20 30 

Acres required/1000 gal. 

05 10 15 



Present intensive methods of livestock production require little straw and 

a massive surplus has been produced for which there has been no obvious 

use. Because of this, farmers have resorted to the practice of field burning 

of straw as a means of clearing the land quickly to aid in the preparation 

of seedbeds for the following crop. The argument put forward is that 

substantial benefits are obtained by clearing weeds and leaving the soil 

in a suitable condition for direct drilling or minimal cultivation. In his 

book 'Straw for Fuel, Feed and Fertiliser', STANIFORTH(1982) argues 

the case for and against burning and the conclusion drawn is that any 

advantage in either direction is very marginal. Nevertheless, burning 

is a practice that has been widely adopted because it saves time and allows 

a high proportion of autumn sown crops to be grown. 

Although codes of practice have been developed for field burning, considerable 

public opposition to it has built up, not just because of the effect on the 

environment but because of the loss of potential energy. It is estimated 

that in the U. K. , the average production of cereal straw is 12.5 m/tonnes 
(LARKIN 1982) (Table 3) of which at least one-third is surplus to agricultural 

requirements. This surplus has an energy equivalent of over 2.5 m/tonnes 

of coal. These figures are confirmed by Staniforth (Tables 4& 5) (STANIFORTH 

1982) and by White (WHITE 1979) who states that. straw's gross energy 

value is equivalent to about four per cent of the U. K. petroleum usage. 

It seems unlikely that the amount of surplus straw will decrease, indeed 

it is predicted that total annual yields will soon average 15 M tonnes and 

that the surplus will increase to 10 M tonnes /annum. (STANIFORTH 1982). 

The farming world and associated interested bodies are aware of the situation 

and a computer-aided system for showing the density of straw production 

in England and Wales (Fig 1) has been developed at the National College 

of Agricultural Engineering (CLEGG et al 1984). 
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Density 
) tonne / (10 km2) 

0- 3000 

3001 - 6000 

6001 - 9000 

9001 - 12000 

12001 - 15000 

15001 - 18000 

greater than 18000 

Figure 1., Density of total cereal straw production in England and Wales, 

tonne of dry matter per 10 x 10 km square grid 
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TABLE 3- TOTAL U. K. AGRICULTURAL WASTE 

AND RESIDUE PRODUCTION 

Fresh Weight Dry Weight Gross Energy 
Content 

k't' kt pi 

Cattle Wastes 46,377 4,637 81.2 

Pig Wastes 10,538 894 18.7 

Poultry Wastes 2,163 1,542 22.9 

Cereal Straw 12,488 10,739 204.1 

Sugar Beet Tops 7,225 1,084 16.7 

Other Crop Residues 
and Wastes 4,564 1,206 20.8 

TOTAL 83,355 20,189 364.3 

SOURCE - LARKIN 1982 
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TABLE 4- STRAW PRODUCTION FOR WHEAT, BARLEY 

AND OATS - ENGLAND AND WALES, 1977-81 

Year Crop Area Straw Yield Total Cereal Straw 
000 ha 000 Tonnes Yield 000 Tonnes 

1977 Wheat 1049 4196 - 
Barley 1882 5834 - 
Oats 127 483 10,513 

1978 Wheat 1230 4982 - 
Barley 1808 5695 - 
Oats 120 462 11,139 

1979 Wheat 1340 5494 - 
Barley 1796 5747 - 
Oats 86 335 11,576 

1980 Wheat 1413 5864 - 
W. Barley 721 

S. Barley 1108 5944 - 

Oats 105 415 12,223 

1981 Wheat 1458 6124 
-- 

W. Barley 790 

S. Barley 1042 6046 - 

Oats 100 400 12,570 

SOURCE - STANIFORTH 1982 
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TABLE 5- STRAW YIELD, STRAW BALED & SURPLUS 

STRAW, IN ENGLAND & WALES - 1977-81 

Year Total Straw Straw Baled Surplus Straw 
Production 000 Tonnes '000 Tonnes 
'000 Tonnes 

1977 10,513 5370 5143 

1978 11,139 4900 6239. 

1979 11,576 5365 6211 

1980 12,223 5368 6855 

1981 12,570 5107 7463 

SOURCE - STANIFORTH 1982 

8 



Today in the U. K., some fifteen per cent of the straw produced is fed 

to ruminant livestock. Many attempts have been made to improve its feeding 

value, the most recent innovations having been treatment with alkalis. 

When treated with sodium hydroxide, this nutritionally. improved straw (N .I. S. ) 

can be added to commercial animal compound feeds at inclusion rates of 

around fifteen per cent. A few years ago there were fourteen straw processing 

plants operating commercially in Denmark and ten in the U. K., but production 

of N. I. S. has now been dramatically reduced in both countries, partly 

because of the difficulty of obtaining and treating supplies of high quality 

straw economically. Some on-farm treatment with caustic soda has been 

carried out but currently, interest in the U. K. is concentrated on the 

use of ammonia; this is applied either in ovens or to straw encased in 

plastic film. A. 

What are the alternatives to field burning that could be profitably applied 

by farmers? They could incorporate more straw in the soil (but it is unlikely 

that this would increase income) ; there might be limited scope for them 

to increase the amount used as feed for cattle and sheep, but this is doubtful, 

or they could use some of it as a fuel to replace purchased oil, coal or 

electricity on the farm. Off-farm uses envisaged are again as a fuel, 

for horticulture or drying purposes, or as a fibre source in paper and 

board making. 

The gross energy value of straw depends upon species and variety, and 

with an average moisture content of around 15% it is between 17.5 and 

18.5 MJ/kg, i. e. approximately the same as that of wood. As far as can 

be ascertained, all the oat straw produced is used for feeding; some barley 

straw is also used for feeding while both wheat and barley straw are 

used for bedding livestock. Both wheat and barley straw burn equally 

well. 
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Another material which has become available in the last few years is 

oil seed rape straw; this has no value for either feeding or bedding, 

however it has a calorific value similar to the cereal straws and has 

the added advantage that it burns more uniformly than the others in 

'whole bale' furnaces. (Min. Agri. Fisheries & Food 1983) 

When straw is pyrolised by heating in a closed retort at temperatures 

betwen 500 and 1000°C a combustible gas, a liquid containing organic 

compounds (including tars), together with oils and ash are produced. 

Work on wastes at Warren Springs Laboratory (DABORN. -. 1973) 

suggests that the amount of useful combustible gases depends largely 

on the temperature of the retort (Table 6). 

When straw is burned it produces more ash than many other fuels (Table 7) 

but on the other hand, a comparison of gross energy costs with the 

major fuels favours straw. It can be seen from Table 8a that straw 

bought at £30 per tonnes is approximately equal in gross energy to coal 

at £60 per tonne and oil at 10p /litre. Unfortunately straw is a difficult 

material to deal with; it is very bulky and has to be removed quickly 

from the field in a form in which it can be transported and stored. 

A question that must be asked is what are the cost/efficiency relationships 

of the present methods of utilising straw as a fuel in, on or near farm 

installations? The source of the straw as well as the cost of packaging 

affect its cost at the furnace. 

If the cost of buildings for storage is ignored, the only ones involved 

would be for baling and short distance haulage; current costs of these 

operations would be some £0.83 per 1000 MJ at 60% combustion efficiency, 

which is less than one quarter of the cost of using oil. 

lo 



'1'fIiRT:: ýI, DECOHL OSITION OF STR. V BY PYROLYSIS 

Mass B-tl rce 

Products ("iý. W/W) 

Pyrolysis Temperature 5000C 800oC 

Gý. s 16.0 31.9 

Liquid 42.9 

Char 39.4 25.6 

This is liquid produced not moisture (i. e. w. tr. r is formed in the 
pyrolysis process, ). 

Analysis. of Pro! lucts 

Pyrolysis Temperature 

Gas (c'. * 

50000 000 °c 

Hydrogen 

Carboy dioxide 

C . rbon monoxide 
I: ethcne 
Ethane 

Ethylene 

Propane 

Propylene 

Pyrolysis Tomperture 

Aqueous 

Oil 

Fyrolysis T mperiture 

Ash 

Hvi.. sogen 
C rbon 
Oxygen (by difference) 

- 3.87 24.89 
44.72 23.25 
38.71 31.48 

6.31 16.01 

1.9ý. 1.32 

2.71 1.92 

0.41 0.25 

1 . 26 0.87 

Lio, uid % WL! l 

500°C 800°C 

88.9 69.0 

11.0 31.0 

: -: _ 
C, I. W_ 

500°C 800°c 

13.0 A ,5 
4.3 2.4 

73.4 72.5 
9.3 10.6 

Source: Daborn 1973 
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TABLE 7- APPROXIMATE CALORIFIC 

VALUES & ASH CONTENTS OF FUELS 

Fuel Calorific Value 
GJ Tonne 

Propane 50.0 

Gas Oil 45.5 

Medium Fuel Oil 42.9 

Heavy Fuel Oil 42.5 

Bituminous Coal 26.0 

Wood 18.0 

Straw 18.0 

Table assembled from various sources 

Ash 
by weight 

0.03 

0.04 

5.00 

2.00 

3.90 

º2 
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TABLE 8b - ON FARM PELLETING COSTS 

Lit 

Tub Grinder (elec. + wear) 4.00 

Hammer Mill (elec. + wear) 4.00 

Pelleter (elec. + wear) 2.00 

Pellet. Cooling & Conveying 2.00 

Amortisation (ten year pay back) 3.00 

Total 15.00 

TABLE 8c - COMPARISON OF EFFECTIVE ENERGY COSTS FOR 

MEDIUM FUEL OIL, COAL, CHOPPED & PELLETED STRAW 

Fuel Cost MJ /t Cost Per Eff. of Cost per 1000 MJ 

per t '000 MJ Combustion Effective 

£ £ % £ 

Oil 100 40,000 2.50 80 3.13 

Coal 60 30,000 2.00 70 2.86 

Chopped Straw 20 16,000 1.25 60 2.08 

Pelleted Straw 35 16,000 2.19 75 2.92 
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If it is necessary to compress the bales for storage purposes or to lower 

transport costs for eventual sale, a further £0.55 per 1000 MJ would 

have to be added. To date, hydraulic bale compression machines which 

reduce them to approximately one third of their original length, have 

only been developed for 46 x 36 x 92 cm straw bales. Such levels of 

densification can be accomplished with comparatively little force however, 

if further densification is required, the forces involved rapidly escalate 

(Fig 2) (Cranfield Institute of Technology 1982). Unfortunately, compacted 

bales do not lead to greater combustion efficiency but they do enable 

furnaces to be stoked at larger intervals, thereby effecting a small saving 

in labour cost. 

It would appear that a majority of field baling is now by big balers. 

In 1978, only the Hesstan producing either 1.4 or 1.8 m diameter x 

1.5 m cylindrical bales or 1.5 x 1.5 x 2.33 rectangular bales were being 

used. Today, Claas, Deutz-Fahr, John Deere, Gallignani, Sperry New 

Holland and Welger have entered the market with cylindrical or rectangular 

products varying in weight from 350 - 573 kg and densities from 

200 - 350 kg/m3. 

It is found that even for a large farmhouse, one of these 350 kg bales, 

fed into a boiler once a day by a tractor fore-end loader, is sufficient 

to heat the house as it will supply an average of 87.5 kW. k if the overall 

efficiency of the unit is 60% (STANIFORTH 1982). 

The latest range of straw-fired furnaces incorporates methods of automatic 

stoking to eliminate the chore of frequent manual stoking although 

the bale magazine will normally be loaded by hand; these boilers are 

thermostatically controlled and incorporate fan assisted draft features 

to improve on the combustion efficiencies of the earlier models. Efficiencies 

in excess of 60% are achieved but this has a cost - an automatic system 

I5 
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Fig. 2. Compression of straw bale 46 X 36 X 92cm. 
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could add a further £5000 to the cost of the boiler. Writing this off 

over ten years at 12% interest would add approximately £1 per 1000 MJ 

to the cost of running a heating system. There is also an additional 

electricity cost to be borne, amounting to approximately £0.50 per 1000 MJ. 

This makes a total extra cost of £1.50 per 1000 MJ for an automatic 

feeding system. 

When the work started on this thesis in 1981, oil prices were some 50% higher 

than they are now which presently lessens the advantage of burning straw 

as a fuel. It is thought that this situation will not continue indefinitely 

and it is expected that we will eventually return to something approaching 

the relative fuel costs of 1981: these were £5.00, £2.66 and £1.25 per 

1000 MJ for oil, coal and straw respectively. The fuel prices shown 

however, refer to their cost-in 1986. As the cost per tonne of fuel, its 

quality and the efficiency of its combusion, together with the increased 

price of a boiler is changed, straw competitiveness against coal and oil 

will change. Table 8a shows the cost of the fuels, the oil and coal at 

generally accepted farm prices and the straw at the price the farmer could 

sell his bales. This relationship only holds good for air dry straw, if 

the moisture content of the straw is increased from 15 to 27% (reducing 

its heating value to 12 MJ/kg) the cost of energy produced from the straw 

would increase by one third. 

There are two other forms of compaction - briquetting and pelletising - 

which respectively require the, straw to be chopped or hammer milled before 

it is fed into the presses. Both chopping and milling have high specific 

energy requirements. 

BRIQUETTING 

A briquetting press comprises a hollow cylinder fitted at one end with a 

tapered die. A reciprocating piston rams plugs of chopped straw into the 
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die and solid briquettes are extruded. The binding of the material is 

achieved by the combined effects of heat and pressure, both generated 

by friction. However, unless certain conditions are maintained, the 

briquettes will be unstable and will readily break down. If this happens, 

they become almost impossible to transport or store. It has been found 

that for stable briquettes, the straw must be within the moisture content 

range of 8-14°%, which means that it normally needs some form of drying 

before treatment. If the straw is too wet, free water acts as a lubricant 

limiting the pressures that can be developed in the die, and it also 

causes briquette fracturing; if it is too dry, the fibres are too elastic 

and they will not bind together. Briquettes must be retained under 

compression while they cool in order to prevent the fracturing which 

results from high thermal stresses. Briquettes absorb moisture easily 

and therefore dry storage is essential to prevent disintegration. 

PELLETING 

Ring die presses are normally used to process straw into pellets and 

again the moisture content of the straw is critical, 12% being the maximum 

level. Because the straw has had to be finely ground, after extrusion, 

the pellet does not require any further compaction and it binds together 

making storage in bins or bulk relatively simple. 

As a general rule, a tub grinder reducing bales to lengths of straw 

of 2-4 cm needs 100 H. P. for a capacity of 4 tonnes per hour. For 

briquetting, a further 100 H. P. is required for operation at 2 tonnes per 

hour. Hammer milling at a rate of 2 tonnes per hour through a3 mm screen 

prior to pelleting, also needs 100 H. P. then pelleting at the same rate 

needs 50 H. P. 

The combusion efficiency of straw is increased from 60% to 75% by pelleting 

but the cost to do so is increased from the initial straw price of £20/tonne 
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to that of £35/tonne for pellets (Table Sb). This increase gives a cost 

per 1000 MJ of (effective) £2.92 which is 93% of the cost of the equivalent 

heat from gas oil (Table 8c). 

Stable briquettes and pellets can be handled and stored in bulk; they 

have a relatively high density which helps when they have to be transported 

and they can both be fed into a boiler by an automatic stoker. 

COMBUSTION SYSTEMS 

Increasing the efficiency of a boiler will reduce the running costs but the 

additional capital outlay on a small boiler when writing off over ten years 

at 12% interest, would make it uneconomic. For larger installations, 

however, automatic stoking systems would be necessary and cost and payback 

of capital including saving of labour costs would have to be seriously 

considered. Whilst automatic stoking systems are expensive, and as 

previously shown cannot be justified economically for boilers of a 

relatively small output, such systems improve the efficiency of combustion 

and a furnace previously rated at 60% if increased to 75% would reduce 

the effective cost per 1000 MJ by 20%. (Repayment of capital and interest 

charged based on standard amortisation tables from Wye College). 

In 1980 in Denmark, the municipality of Svendberg provided hot water 

to 6000 people by using three sources of energy; household refuse 

available all through the year provided 30% of the total energy requirement; 

straw, for a period of nine months which excluded the three summer months, 

contributed a further 50% while oil, used only during the coldest weather, 

made up the remaining 20%. The straw was ground to lengths of 8-12 mm 

and blown into silos from which it was augered out under thermostatic 

control, and fed by blower to the boiler at a rate of three tonnes per hour. 

This corresponded to about one tonne of fuel oil which cost approximately 

£190 per tonne at that time. 
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With straw varying from £17 per tonne at harvest to £20 per tonne in 

March/April, and the boiler efficiency calculated by the Danish Association 

of Boiler Manufacturers at 78%, the project was judged to be sufficiently 

viable and cost saving for the Danish. Government to install a similar 

unit in Aarhus in 1982. The straw in both cases was in bales, although 

for ease of handling, straw pellets were preferred; pellets however, 

would have made the project uneconomic. 

In the short term in the U. K., the most obvious outlet for straw as a fuel 

is for on-farm applications such as heating farmhouses and glasshouses 

and for crop drying. Silsoe College has reported that the maximum 

utilisation of straw on farms could be between 1.0 and 2.1 million tonnes 

(0.5 to 1.1 mt. coal equivalent (c. e. ))by the year 2000. (SILSOE COLLEGE 1984). 

Because of the rise in coal prices relative to the price of straw during 

the last few years and also because of the increased availability of straw 

brought about by restrictions on straw and stubble burning, its use 

as a fuel could become increasingly attractive in rural/industrial 

applications. SilsoeCollege have studied industries located within straw 

producing areas and have estimated the potential for replacing coal and 

oil by straw. Their findings suggest that a maximum of 4 million tonnes 

of straw (2.2 mt. c. e. ) could be used in-boilers and 420,000t(O. 22 mt. c. e. ) 

in furnaces. (SILSOE COLLEGE 1984). 

It is estimated that some 300,000 tonnes (0.16 mt. c. e. ) of this potential 

could be realised by the year 2000 mainly in the malting, sugar beet 

processing, cement, brick and aggregate industries. Silsoe also suggest 

that *. up to 200,000 tonnes (0.11 mt. c. e. ) could be used in the institutional/ 

commercial sector by the same date. (M. A. F. F. 1984). 
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DEMONSTRATION UNIT 

A 6.8 M. W. straw fired cyclone furnace is being installed to provide heat 

for drying chalk in Suffolk, the plant being situated in a large straw 

producing area (PLASKETT Z NICHOLSON 1984). Such units are nöt without 

problems, so means other than cyclone firing need to be found to burn 

unprocessed straw. One possibility would be to use a fluidised bed 

combustion unit; these are now used with considerable success for burning 

high ash, poor quality fuels and it was felt that this system could perhaps 

be adapted to burn chopped straw. 

It was therefore decided to build a fluidised bed combustor with an in-bed 

feeding system to burn chopped straw. 
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CHAPTER 1 

REVIEW OF EXISTING BIOMASS FUELLED FURNACES AND BOILERS 

The designs for the majority of the straw burning boilers in the United 

Kingdom originated in Scandinavia as those of waste wood burners. 

These units utilised residues from tree felling and they are still being 

used for that purpose in Scandinavia and in parts of Europe. The 

boilers consisted of a horizontal cylindrical chamber surrounded by 

a water jacket, the wood (or bale) sitting on a grate with the combustion 

air being regulated under it by an adjustable inlet in the bottom of 

the end fire door. 

The original units were manually fired by opening the fire door and 

replacing by wood or straw bales the burned out charge. Little regard 

was given to the need for efficient combustion, in some cases the air 

supply was fixed throughout while on slightly more sophisticated models, 

the position of the air regulator was controlled by a bi-metallic strip. 

Later models, such as those manufactured by LOIBL (fig. 3) incorporated 

a secondary air inlet at the top of the chamber for better control, a 

secondary chamber and a water cooled grate. 

Over the years, research work has been mainly concerned with the 

automation of the straw feed to the boiler, and towards improving the 

efficiency of combustion. The intention has been to produce boiler 

plant that would be acceptable for commercial purposes as well as to 

improve units designed for the agricultural market. 

LIN-KA Maskinfabrik of Denmark have developed an automatic feeding 

system in which the fire door is replaced by a sliding door that is operated 

hydraulically. Small bales are placed on a conveyor at head height 

then allowed to fall by gravity down a 50° slope until they reach the 
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sliding door. As the door opens, a horizontal ram automatically extends 

and pushes the bale into the combustion chamber. (Fig 4). The ram 

retracts, the door closes and a further bale is moved by the conveyor 

to the ramp ready for the next insertion. While this arrangement overcomes 

the chore of frequent manual stoking, it is still essentially a batch 

stoking system and so has an inherently low efficiency. 

PASSAT of Denmark have a different automatic feeding system in which 

a conveyor feeds bales into a grinder or chopper. The straw particles 

produced fall on to a screw conveyor which feeds them into the furnace 

(Fig 5). Similar types of equipment are also manufactured by RONTGEN 

(Fig 6) and SCHMIT (Fig 7), and since they are truly continuously 

stoked units, they have a higher potential efficiency than the simpler 

batch fed units. 

In France the heating company SELF-CLIMAT, and ROULIN, manufacturer 

of grain driers, have together developed what they claim is a straw 

burning furnace. Straw, however, accounts for only three-quarters 

of the energy supply, the remainder being provided by either oil or 

liquid petroleum gas (L. P. G. ) Since it is easier to control the heat 

output from the liquid fuels they are used to 'top up' the base load 

provided by the straw. With this system, about 5-6 bales are burning 

at any one time and an adjustable time clock on the feeding conveyor 

allows a bale to pass through an air-lock into the furnace every 8- 

12 minutes. This feed rate gives an output of around 1300MJ/hr which 

is sufficient to evaporate 800 - 900 kg of water per hour in the attached 

grain drying unit (Fig 8). 

The PILLARD company have manufactured a cyclone suspension burner 

for crop reiidues with a claimed output temperature of up to 1500°C. 

t 
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Tec hnical data: 
A"B Boller height 1.56 m 
B"C Boiler length 1.70 m 
C"D Boller width 1.08 m 
E"F Length of the plant 4.00 m 
G"I Furnace room width 3.00 
H"F Furnace room height 2.30 m minimum ti 
I"J Furnace room length 5.00 m ' 

' 
\ 

K"F 2.50 m , L"F 3.30 m 
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matic straw burner designed for 
caloric consumptions of up to 
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whole bales and Is controlled by 
the same advanced compo- 
nents as those used for Linka 
"Little Sister". Ask for our spe- 
cial brochure. 
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Although it can be used with an air/air heat exchanger for grain drying,. 

it has been built mainly for lucerne drying plants, of which there are 

between 100 - 150 in operation. After the lucerne drying season, these 

plants, mainly owned by cooperatives, dry sugar beet pulp giving 

about a nine month operating season (Fig 9). 

VERNON-MERVER have also produced a complete straw burning system 

for lucerne drying which includes a regulating feeder for chopped 

straw. This unit has pneumatic loading and a combustion furnace of 

the suspension type coupled to a mixing chamber in which furnace 

gases are mixed with a regulated supply of exhaust recycled gases 

for temperature control. Several sizes of plant have been built ranging 

from 16,000 - 50,000 MJ/hr (Fig 10). 

In North America, developments have tended to concentrate on gasification 

of biomass and most of the commercial units are of the relatively cheap 

fixed bed updraft type (Fig 11). They are coupled to existing boilers 

which then only require a burner modification or replacement. When 

used originally as a heat source for commercial drying plants, it was 

mainly for wood or lime kilns, although current emphasis is towards 

the agricultural market where in the main, gas oil or natural gas have 

been used as fuels. 

There are two basic gasifier designs - updraft and downdraft - (Fig 12) . 

In updraft units, the hot gases flow counter to the feedstock, whereas 

in the downdraft units, pyrolysis products are broken down as they 

pass through the reaction zone before combining with the exiting gases. 

Some downdraft gasifiers have the potential to eliminate tar from the 

gas and they are probably the best suited for the burning of crop 

residues as a fuel. 
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University research in the U. S. is under way to develop suitable combustion 

systems for wet biomass, and also to study optimum fuel particle size 

for various gasifier feeding systems, particulate control in the products 

and the effects of different biomass mixtures on performance. At Iowa 

State University, a direct combination concentric-vortex cell furnace 

to burn agricultural residues has been developed and connected to 

a crop dryer. (CLARK et al 1981) (Fig 13). During prolonged tests 

in the 1981 season, it was discovered that this type of equipment had 

severe limitations from an envi'onmental point of view. It produced 

excessive amounts of smoke that has an unacceptable smell and also 

when it was burning wood chips, it was a definite fire hazard (WAHBY 

et al 1981). 

At Purdue University, a greater degree of success was achieved with 

a downdraft channel gasifier furnace (RICHEY et al 1981) ; the installation 

of a secondary combustion chamber resulted in temperatures above 

1350°C with complete combustion and the hot gases were diluted with 

ambient air for drying corn. 

For curing tobacco, workers at Clemson. University opted for an updraft 

gasifier whose flue gases were piped to water tanks; these acted as 

thermal energy reservoirs and, as required, hot water was pumped 

to the curing barns. The updraft system was selected because it was 

considered the simplest to design and construct, although it was realised 

that a tar-laden gas would be produced. It was argued that in a close- 

coupled combustion system, with the gas burned immediately after being 

produced, the presence of tar would be of little or no concern. The 

system worked well for a limited period whilst the initial fuel charge 

was burning, but during operation it was found to be impossible to 

feed from the top while there was a partial load of fuel. This was due 
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to the intensity of the radiant heat from the bricks at the top of the 

chamber (PAYNE et al 1981). A completely new top-feeding design was 

being sought but no details have yet been made available. 

Research work in the U. K. has been mainly at University level where at 

Nottingham, stepped grate furnaces for burning chopped straw for 

drying purposes in a whole crop harvesting system have been developed 

(WILTON 1981). 

At Cambridge University, whilst working on fluidised combustion of 

char and volatiles of coal, some experiments were carried out with straw 

pellets and wafers. The results are shown in Appendix 3 (TURNBULL 

1983). 

Work on cyclone combustion of poor quality fuels was undertaken at 

University College, Cardiff and described in a paper by SYRED & 

SAHATIMEEIR (1983). Two types of combustor were reviewed - the multi- 

inlet Agrest type which was originally developed for burning vegetable 

waste, and the Compact combustor developed from the standard dust 

collecting cyclone. Both operate on similar principles although the 

internal flow patterns'of the two are different. Both have relatively 

long residence times at high temperatures for the fuel particles, especially 

the multi-inlet type, and unacceptably high NOx, emissions are created. 

Designs have been put forward, but never built, for a downjet combustor 

for burning bales (THRING & CROOKES 1980). This is a system in which 

the whole of the combustion air is blown into a surface of the bale through 

a nozzle with a variable aperture; this would allow the velocity of the 

air jet to be varied while the quantity was kept constant. By this 

method, the depth of penetration of the gases into the fuel bed could 

be varied, and thus the contact between gases and fuel adjusted to 

the optimum. Bales would be pushed against a barrier of water-cooled 
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tubes between which the combustion gases would flow, or they could 

be fed by gravity down a 45° slope (Fig 14). It was claimed that with 

the downjet system, the bale of straw would burn steadily through 

(like a candle) and the volatiles would burn at the same time as the 

residue charcoal. The ash would be removed by a continuous belt 

grate and dumped into a bunker. 

A feasibility study has been carried out by the Energy Technology 

Support Unit (E. T. S. U .) at Harwell, entitled the 'Potential for Large 

Scale Projects Featuring Straw as a Fuel' (%LtýRfINDALE 1982). This study 

has been partially carried out to establish the viability of installing 

a straw-fired boiler at a maltings located in a grain producing area 

(SMITH I992 ). Two options were considered; suspension firing 

in a water-tube boiler or a cyclonic firing in a combustor mounted externally 

to a shell boiler. 

The first option involves blowing finely chopped straw into the furnace 

above a fixed grate; some 60 - 70% burns in suspension, the remainder 
falling onto the grate where combustion is completed on a coal bed. 

An efficiency of 71% is claimed with complete volatile burn-off, and 

with low gas velocities there is negligible straw or char carryover. 

However, it was. estimated that in order to maintain output and keep 

an incandescent bed of coal, up to 30% of the fuel would need to be 

coal -a factor which reduces the potential for saving fuel costs. 

The second option, a cyclonic combustor, consists of a cylindrical refractory 

furnace into which air and chopped straw are fed tangentially at high 

velocity to create a downward vortex around the perimeter of the vessel. 

Ignition is carried out by natural gas burners and the gases follow 

a normal cyclonic action, turning at the bottom of the vessel and passing 

back up through the centre of the vortex to the exit. Again, very 

high efficiency is claimed - around 67% - but a second fuel, natural 

gas, has to be used. 
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