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ABSTRACT

Feasibility for Energy Recovery from Cereal Crop Residues

Prasert Kanoksing
Agricultural Engineering Department

University of Manitoba
February 1975

. Solid $¡aste management and the depletion of fossil fuel reserves

are tr.ro criticaL and unrelated problens requiring resolution. An approach

to the solution of these two problems by conversion of solid organic

wastes into useful forms of energy was investigated. Canada is fortunate

to possess rich natural resources including fossil fue1s, however, there

is a concern expressed through the wide-spread ttenergy crisisrr that

shortages will be encountered in the imnediate future. Canada produces

about 99.0 x ro9 r¡ (44.9 x 109 kg) of cereal crop residues annuarly

which should not be overlooked as a potential energy source. Much of

this residue is considered as waste naterial which creates problens of

disposal and affects on the environment. This quality of residues has

a potential energy equivalent to about 593.4 x \OIZ Btu (149.s x t012 kcal).

Oat straw was chosen as a representative cereal crop residue for

investigating the feasibility of energy recovery by pyrolysis and anaerobic

fermentation. A significant volume of gas production was achieved with

both systens. Gas production fron the pyrolysis process was 1.43 cu ft/lb
(0.09 litre/gm) of straw and 1.78 cu ft/Lb (0.11 litre/grn) of straw at

the corresponding tenperature ranges of 65 to 600qF (18 to 316oC) and

65 to 700oF (18 to 37loc). îhe gas contained from 25 to 30% CH4. and

32 to 48% COZ. The gas production through anaerobic digestion at a

temperature of 95oF (35"C) was about 6.57 cu ft/Lb (0.41 litre/gm) of

dry natter for the batch feeding system and about 6.01 cu ft/fb

,: li
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(0.38 litre/gn) of dry ¡natter for the continuous feeding system. The co¡n-

position of gas !,¡as. approxirnately 52 to 56% CH4, and 44 to 48eo COZ,

Problems of naterials handLing of straw involving colLection,

concentration and transportation for the delivery of large quantity

volumes to supply large pyrolysis or anaerobic processing plants nust be ,,,,'.,,'t',

solved. straw should be delivered in a forrn that will facilitate
pyrolysis or anaerobic energy production .processes. The econonics of

pyrolysis and anaerobic digestion for energy recovery fron crop residues 
,.,,,,1,,,

has been unfavourable to date. However, the extraction of useful energy 
i¡::::rr':

1..::::
from cereal crop residues is technical ly feasible and nerits serious ;',,:-';";':

investigation.
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CHAPTER I

INTRODUCTION

1.1 General

Energy is ncessary to provide power for all forns of work. Not

only our body, but also our life-support systerns, agriculture and

industry, require energy. If energy is withdrawn fro¡n agriculture and

industry, our life-support systens cease to function (39, s4). Energy

consunption can be used as a neasure of the progress of civilization
which can be applied to industry and the econony in general. rn any

society, as the developrnent of civilization progresses, energy consump-

tion increases. Conversely, if the society does not have enough energy,

civilization as we have known it wilr be halted (64). David cass-Beggs

(8), in an address to an international biomass energy conference, stated

that itenergy use and civilization are a reaction that goes both waystt.

scientific American (14) shows that the annual growth in energy

denand per capita in the United States is at the rate of about one per-

cent while in tndia the rate of increase is about one third of the

United States rate. Data presented for 1970 show that United States

energy consumption vlas about 220 kwh/day/capita while in India it was

about nine kwh/day/capita. McGinnis (44) estirnated that annual energy

consumption in canada in 1970 was about 4,gsg.s x to12 Btu or approxi-

marely 184 kwh/day/ capíta.

An improved standard of living de¡nands increased consu¡nption

which is a conbination of two factors; the energy used per capita and

tho number of people. A pressing problern facing society is that the

relationship of man and energy nay becone a critical problen in the

near future. Then, Itthe question nowadays is not how we shall live,



but indeed if we are going to live at

(Harney, Disch, 1971, p. xvii) (64).

problen is apparent (8, 61, 64).

for very much longerr!

need for solving the energy

2

al l.

The

L,2 The Próble¡ns

L.2.1 The Coning Shortage of Some Fossil Fuels

The energy crisis has become a doninant issue during the past

few years (33). The current world energy shortage has stimul.ated a

search for alternative sources of energy, since fossil fuel reserves are

being depleted rapidly (14). rt is not an objective of this thesis to

present statistics of the worldfs energy situation. It is not a natter

of how long the prinary energy sources will last, but rather it is a

matter of fact that reserves have specific quantity linits, and that

energy fuels can not be recycled. rtWhen they are gone, they are

goner' (72). The energy crisis has becone a reality and the question

arises as to what other sources of energy can be tapped to supply

the requirenents after the fossil fuels are gone (14, 15, SSr 44).

Various alternative energy sources including solar, tidal,
geothermal and nuclear will be investigated thoroughly in the irunediate

future. A further source ¡nay be energy fron agricuLtural production or
I'biomass energyrr which is a renewable resource that offers the possibility

of providing an alternative energy source (14, 43).

I.2.2 Increase in Solid Wastes and Associated Proble¡ns

It is t¡nderstood that solid v,¡astes refer to the

fron household, industrial and agricultural sources.

wastes were conmonly disposed by neans of open burning

wastes arising

In the past, solid

or open dumping.



At present, the situation has changed and solid waste disposal is

beconing a problem of considerable magnitude both with respect to dis-

posal methods and to econonic constrai¡ts. This problens arises fron

the increase in total quantity of waste produced through population

increase and per capita increase in waste produced because of changes in

the standard of living (53, 61). Riddle (53) estinated that total solid

waste produced in Canada to be about 160 nillion pounds (73 nillion

kilograms) per day or eight por.rrds (3.6 kilograms) per capita per day,

of which 1.00 ¡nillion pounds (45 nillion kil.ograns) is fron households

while ttre rernaining arises fron industrial and agricultural sources.

Wastes frorn agricultural souices areprinarily organic. Two kinds

of agricultural r^rastes which are considered here as potential sources of

energy are agricultural plant wastes (crop residue) and aninal wastes

(rnanure) (33, 70). Both sources have been increasing the total quantity

of wastes. The increase in aninaL rrraste has resulted fron the increase

of aninal feedlots while the increase in crop residue has resulted fron

increased acreage under production conbined with greater efficiency in

r.rnit productivity, ê.8., irrigation, fertilization, and the influence of

nechanization, etc. (L2, 70).

In past years, agricultural wastes presented no problen, since it

was disposed of on the land as a fertilizer. Today, because of the volume

of waste generated in confinenent areas, disposal on land is a problen

and an overall manage¡nent scheme nust be considered for v'Iaste handling (46).

I4le are now considering waste not so nuch as naterial to be eliminated,

but rather as a resource (61). Once we begin to use it, it will no longer

be called waste (70).

Downing (12) has calculated that.the ratio of energy output to
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energy input is very favorable for agricultural production. He concluded

that rrthe utilization of either net crop residue or aninal vrastes as a

fuel source could produce nore energy than required for all agriculture

production requirenents". Therefore, the present problern is not only

a natter of disposal technique, but it includes processing for recovery

and utilization of useful conponents in these agricultural wastes.

1.3 Objective

The objective of thd.s thesis is to evaluate the technicaL and

econo¡nic feasibility of recovering energy from cereaL crop residues,

1..4 Conceptual Approach

Organic rnateriaL or agricultural waste nay be converted into a

useful energy by direct conbustion for thernal energy or biological

or chenical processes for storable chenical energy. Ttre choice of

conversion nethod depends on the physical nature of ¡naterial, particularly

the water content C!7). The first step toward neeting the objective was

to complete a literature review. In addition, the developnent of snall-

scale erperiments on pyrolysis and anaerobic processes is included. Ttre

najor concentration in this thesis is directed to pyrolysis.

Anaerobic digestion studies have been trndertaken by rnany

institutions. Few of these institutions have set up experinents to see

if anaerobic digestion could be applied to crop residues. Pyrolysis was

chosen for investigation since this process has been successfully used to

recover energy fron organic ¡naterial in ti¡nes and places of restricted

energy supply. For exanple, gas producer plants naking use of coal were

used for road transport in Europe during World War II. Pyrolysis nay

prove viable as a process for energy recovery.fron straw,



CHAPTER II

QUA¡,ITITY OF RESIDUE AVAITABLE

2.1 General

The discusion in this thesis is related to residues from cereal

crops only. Several definitions follow:

Cereal: frA cereal may be defined as any grass grown for

its edible grain. The tern nay refer either to

the plant as a whole or to the grain. itself'r (30).

Grain: I'Grain is a collective term for the fruit of

cerealsrr (30) 
"

The principle cereals refer to wheat, corn, rice, barLey, oats,

ryê, sorghum and nillet (29). However, the six great cereals of the

world are considered to be wheat rye, barley, corn, oats and rice (30).

The discussion in this thesis will deal with these six cereals only.

2.2 Gr?in-straw Ratio

The quantity of crop residue can be computed as a function of crop

production and nay be deternined by the use of the grain to stra$¡ ratio.
For cereals, Kipps (30) explained that the ratio of grain to straü¡ is not

constant and varies with such factors as the variety, thickness of pl.ant-

itg, and productivity of the soil. However, he concluded that the ratio
of grain to straw nay be given as foLlows¡

Barley produces I pound of grain to I pound of straw (l:l).
wheat produces I pound of grain to 1.5 pounds of straw (l:l.s).
Oats produces I por:nd of grain to 2 pounds of straw (f:2).

&. produces I pound of grain to 2 pounds of straw (l:2) .

Corn produces I pound of grain to I pound of stover (l:l).

f_.:i::'::



For rice, the ratio of grain to straw was given in a report fron

the International Rice Research Institute, Los Banos, Laguna, The

Phillippines. Chandler (9) stated that the grain-straw ratio was affectäd

by a number of factors such as nitrogen applications, percent of sunshine,

and varieties of rice. fn general, the traditional rice pl.ant of the '.,,,''

tropics has a grain-straur ratio between 0.3 and 0.6, while the nodern

rice plant r^Iith short stem and erect leaves has a ratio between 0.9 and 1.3.

In the first case, the nean value of grain-stravl ratio for selected ,,::,:,
:tttt';,tt.'i-'

varieties is 0.56 (or 1:1.8). This figure will be used for the discussion :' 
,::

throughout this theSis, since it is applicable to the varieties of rice '-,¡,',1.,

grown in Thailand (see Tabl e 2.9). Therefore,

Rice produces l por:nd of grain to 1.8 por:nds of straw (1:1.8).

i

2.3 Weights per Bushel for Conversion 
i

It is necessary to use conversion factors in estinating quantities 
i

i

of crop residues available. Weights per bushel for the principl.e cereals 
l
l

as taken from Grain Crops, published by the Com¡nonweal.th Secretariat (20), 
i

are given in Table 2.1.

ti 
,, 

::.';;: , ;:::2'4 Linits for the stud' 

""¡'"The scope of study in this thesis was defined by the criteria ,',,,,,'.

following:

2.4.1 Cereal crops were to include wheat, barley, oats, rye, grain corn,

and rice.

2.4.2 The acreage and production of cereal crops, except rice were

li¡nited to the total acreage and production in Canada, Manitoba and

Crop District No. 3 in Manitoba. The agricultu¡¿f areas of Manitoba and

Crop District No. 3 are shown in Figure 2.1. , ,,:',
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2.4.3 statistics used for crop residue estinates are average grain

production values for the year 1968, 1969, and 1970 in canada, Manitoba

and Crop District No. 3.

2.4.4 The acreage and production of rice was taken for ThaiLand,

rice was alnost negligible in canadian production statistics, for

years noted in section 2.4.3 and since Thailand is the homeland of

author.

2.5 Production

The quantity of cereal crop residue is a fr.rnction of production

and is estinated by using the ratio of grain to straw. Table 2.2 co¡tains

the average yield and production in Canada, Manitoba and Crop District No. 3.

Statistics for Canada were taken fron the 1971 and L972 Canada yearbooks

(68, 69) and for Manitoba fro¡n the 1968, 1969 and 1970 Yearbooks of Manitoba

Agriculture (78). The figures for rice were taken from a record of

Thailand (3) cornpiled by the Rice Departnent for 1968 and the Agricultr¡ral

Extension DePartnent for 1969 and 1970. A sumnary of the acreage, yields

and production of cereal crops in Canada and Thailand is contained in Table

2.4.

Date relating to rye and grain corn in lrlanitoba were not $iven

for crop districts. Therefore, production quantities for these crops vrere

not considered for crop District No. 3. Refering to rye, the 1970 Year-

book of Manitoba Agriculture (78) stated that trseventy-eight percent of the

total acreage was planted in the western half of the province and about

eighteen percent in Crop District No. 3ri. There was no planted acreage

in the year 1968 and 1969. There are no details given for grain corr¡,

sinco the total planted area in Manitoba was small. Therefore, rye and

grain corn production in Crop District No. 3 was considered to bo

r -: .i.

sl.nce

the

the



negligible and.was not used in estimating the residues available.

The acreage, yield and production of rice in Thailand are given

in Table 2.3.

2.6 Estimated Quantity of Residues Available

The estirnated quantities of residues available in Canada, Manitoba

and Crop Distric No., 3 were determined by using grain to strah¡ ratios

and are shown in Tables 2.5, 2.6 and 2.7 respectively. A sumnary of the

anormt of residue for each cereal crop is shown in Table 2.8" An estinate

of the total qualrtity of residues available in Canada follows:

Estinated Quantity of Residue

Canada

Manitoba

Crop Distric No. 3

The total cereal crop

in Canada, while the residue

that in Manitoba.

o
clo- tb)

99.0

t2.3

1.9

residue in Manitoba is

in Crop District No. 3

o(10'ke)

44"9

5.6

0.9

about 12.4eo of that

is about 15.4% of

2.7 Discussion and Conclusions

The quantity of residues shown in the proceeding section is the

potential qrnntity of residues derived fron the average total production

in Canada and Manitoba for 1968 to 1970. However, not all of the

potential quantity of residues nay be collected for converting into use-

ful energy. Downing (L2) estimated that I'half of the residue is

returned to the soil for the ¡naintenance of the hu¡nus content and that

straw is used for bedding at the rate of one-half ton/cattle unit housedr?.



Thus the net quantity of residues available will probably be about half
of the potential quantity of residues. Therefore, in the determination

of energy available, this factor should be taken into consideration.



TABLE 2.1

Weights per Bushe1 for Principle Cerealsl

Cereals 1blbu

Wheat

Barley

oats

Rye

Corn

Paddy [rough rice)

60

48

32

56

56

45

I-Grain Crops, London: The Connonwealth
Secretariat,, L972, p" v"
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TABLE 2.9

Grain-Straw Ratio for Selected Rice Varieties

Class Variety Grain-Straw Ratio

Highly nitrogen
responsive

Low or negatively
responsive to
nitrogen

IR8
Chianung 242
Taichtmg Native I
Tainan 3
IR5

Ht¡ng
Peta
Nang Mong 54*
Puang Nahk 16*
H-4
Sigadis

I .15
r .14
t.20
L.23
0.95

I .13

0.60
0.60
0.49
0.40
0. s8
0.69

0.56Mean

'l
^Robert F. Chandler, Jr., International Rice Research Institute,
Los Baños, Lagtna, The Philippines.

*Varieties of rice in Thailand.
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CI{APTER IIT

QUANTITY OF ENERGY AVAILABLE

3.1 Geúeral

Agricultural products represent an inmense source of energy. In

addition to the energy contained in the prirnary product of food, feed

and fibre, non-product output such as crop residues contains energy

which nay be converted to heat or chenical energy by direct burning ot

fermenting. The discussion in this chapter deals with the quantity of

energy recoverable from straw. A knowledge of sone technical terns

involved wil1. facilitate an understanding of the approach to the deter-

mination of the quantity of energy available.

3.t.1 Definition of Terms

Therrnal value: This term is also known as calorific or heat

value. As defined by Johnson (27), rtThe thernal value of a fuel is the

amount of heat generated as a result of its complex conbustiont'. This

value is generally expressed in British thermal units (Btu) per pound,

or calories per gran. There are two linits of heat value, i.e., higher

and lower heat values.

Higher heat value: The value indicated by any type of a fuel

calorineter (60).

Lower heat value: This is known as rfnetrt or rfavailablerr heat

val.ue. It is used in the case of fuel containing hydrogen, and this

includes practically all fuels in commercial use. Thelower heat value

may also be defined as the net heat liberated per unit weight of fuel

after the heat necessary to vaporize the steam formed fron the hydrogen,

as well as that from the fuel, has been deducted (60). It is related
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to the higher heat value as follor,rs Q7)l

Lower heat value = higher heat value - wr; (compatible units)

where:

w = weight of water produced per unit weight of fuel

r = latent heat recovered in the condensation of the

vrater vapor formed in the combustion of hydrogen.

The value of r varies with percentage of hydrogen

in the fuel, the ¡noisture in the air and the tenp-

erature to which the products of conbustion are

cooled in the ialorineter.

British thernal unit: (Btu) "The anount of heat required to

raise the temperature of one pormd of water one degree Fahrenheit" (27).

Calorie (gram-calorie): Defined as the quantity of heat required

to raise the ternperature of one gran of water one degree celsius.

3.2 Conversion Factors

The conversion factors given in Tables 3.r and 3.2 will be

useful to the discussion in this chapter.

Table 3.1

conversion of Therrnar units to Energy and work Equivalentl

2l

Btu kcal2 fr-lb hp-hr kwh

| 0.252
5.968 I
0.001285 0.0003238

641 .1
840.0

778.2 0.0003930
31098.0 0.001560t . o. oooooososos

1.98x10u- I
2.656x100 1.341

0. 0002950
0.001163
0. 0000003765
0. 7455
1

2,544
3,4r8

llionel s. Marks, Mechanical Engineers Handbook, 4th ed. New york:
^lrtcGraw-Hill Book21 kcal = IrO00 calories
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TABLE 3.2

Conversion Factors for Energy, Work and Heatl

Btu to foot-por:nds 779.2 Foot pounds to Btu 0.0012gs

Btu to calories ZSZ Calories to Btu 0.00g96g 
.,,¡,,1,.,

Btu to horsepower-hours 0.00039s Horsepower-hours to Btu 2rs44

Btu to kilowatt-hours 0.000299 Kilowatt-hours to Btu 3,41s

22

Straw fron different crops as well as different fields of the sane

, "rop 
have different heat value. It is given by Marks (42) that rstraw,

I fron which grain has been threshed, has a higher heat value (hhv) of 5,000

I to 6,500 Btu/Lb depending upon its degree of drynessf'. However, McGinnis

, C44) nentioned that "The straw fron aL1. crops has approxinately equal

value with as much variation between fieLds of the same crop as between

different cloPs. A value of 5,000 to 6,500 Btu/lb of straw has been

established with an average of about 6,000 Btu/lbr'. Therefore, the value

of 6,000 Btu/lb (3'330 kcal/kg) will be used throughout the discussion

in this thesis.

3.4 Estimated Quantity of Energy Available

The quantity of energy available in canada, Manitoba and crop

District No. 3 in lÍanitoba is shown in Tables s.3, g.4 and s.s respec.

tively. The total estinate of energy avilable is sunnarized as follows:

tAllen J. Johnson and George H. Auth, Fuels a¡rd Combustion Handbook, lst ed. ,,,,.1.r,..
New York: McGraw-Hill Book Company, i,i':ì,,

3.3 Heat Value of Straw
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Energy Availablg from Straw

(t012 stul (t012 tcar)

Canada

Thailand

Manitoba

Crop District No. 3

593.4

293.4

73,7

rl "7

149.5

73.9

t8 .6

2.9

Fron the above values, it can be shown that the energy available

fron straw in Crop District No. 3 is about 15.9% of that in lvlanitoba

while Manitobars potential recovery represents about 12,4% of the energy

avaiLabl.e fron straw in Canada.

3.5 Discussion and ConclúSionl

Values in section 3.4 show that the quantity of energy available

fron straw is of considerable magnitude. fn comparison with the total

1970 canadian energy consunption of 4,gsg.5 x 1012 Btu (1 ,244.g x to12

kcal) (44) (see al.so TabLe 3.7) from various sources, the energy avail-

able from straw in Canada is about Lz.Oe" of the total energy consunption

in 1970 or arnost one-fourth (23.2%) of the total. crude petroleun

consunption.

Based on the total 1970 Canadian energy consumption of 4,939.5 x tOl2

Btu (1 ,244,8 x t0l2 kcal) and the totat population of 2r,s6g,gtl for l97l

census year, the rate of energy consumption per capita per year would be

about 229 x 106 Btu (or 0 .627 x to6 gtu/c apita/day, or 184 kwh/capir alday).

For the 1971 census year, the population of Manitoba was SAS.Z47,,

Therefore, the total annual energy consumption in Manitoba would be about

2Lg,4 x to12 Btu (ss.s x 1012 kcat¡. From the value determined in

section 3.4, the quantity of energy available fron straw (7s.7 x l0l2 Btu
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or 18.6 x t012 kcal) would provide about 33,6eo of the total annual

onsumption in this province. Sinilarly, the quantíty of energy

available fron straw in Crop District No. 3 would provide about 5.3%

of the total annual consumption of lhnitoba. The values are shown in

I table 3,6.

TABTE 3.6

Percentage of Energy AvaiLable fron Straw to Energy Consr¡ned

Energy available Annual energy Percentage of ,.,
Location from straw consurnption, Lg70 (l) to (2)

[rol2rntu) {rol2rutu)

Canada

Thailand

I4anitoba

593.4

293.4

7s.7

4,959.5

*

2r9.4

t*

t2.0

*

33.6

*Crop District 5 Ll.7

* data not available

Ttreaboveva1ueswereconputedfro¡nthetota1avai1ab1equantity

of Straw. ShouLd only 50 percent of the straw available be collected as '

contained in section 2.7 of Chapter II, then, the energy availabie from 
i'

straw and the percentage in Table 3.6 will be reduced accordingly by

50 percent.
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TABLE 3.7

Annual Canadiap Consumption fron Various Energy sour"esl

Energy Source Annual Heat Consumption

(ror2) Bru

Natural gas

Hydroelectric

Thermoelectric

Coal

Crude petroletm

918.5

526.0

t62.0

833.0

2,500.0

TOTAL 4, 939. 5

tRobert C. McGinnis, I'Potential Biomass Crops';
presented at the International Bionass Energy
lVinnipeg, Canada, I4ay 1.3-15, 1973, p. 9.

rr Paper
Conference
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CTIAPTER IV

METHODS OF CONVERSION OF RESIDUES TO USEFUL ENERGY

4.I General

The depletion of fossil fuel reserves and the disposal of $rastes

represent two real. problems facing society. Volumes and characteristics

of wastes such as animal manure and crop residues are such that disposal

or degradation are difficult. The increasing denand for energy has now

exceeded the domestic production of sorne petroleun fuels, ê.g., oil. and

natural gas in the united states (70) " The use of other fossil fuel

resources including coal and oil shale requires new technology development

so that energy fuels produced will neet envirorunental and econornic

constraints. The needs of a nodern energ'y oriented society necessitate

the developnent of additional sources of clean energy. Alternate potential

energy sources include solar, tidal, geothermal, nuclear, wind and bio-

'nass energy (L4' 47,75). These resources are being considered as possible

alternatives for fossil fuels whose known reserves have dininished to

critical levels. Discussion in this chapter deals only with the energy

from agricultural wastes, or bionass energy, particularly from crop

residues.

Crop residues as noted in Chapters II and III nay be considered

as a partial alternative source for energy fuels. However, the real

problens are how to transform the energy into a satisfactory form for

use with good efficiency of conversion and at cost competitive with

present types of energy (12). Downing (Lz) stated that the present

efficiency for the conversion of aninal waste to methane gas is less than

50eo and is about 30eo for converting wheat into alcohol, This problen

..;: '.:
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has to be considered in naking an economic analysis of energy conversion

processes.

Technically, the problens related to converting organic waste

naterials to useful energy are due to their variable composition and

degree of degradation. In general, organic wastes can be converted

directly into thermal energy by combustion or can be converted to storable

chemical energy by a nunber of biological or chernical processes (47).

The choice of conversion method is frequently dictated by the

physical and chemical nature of the material. For example, waste materials

having a very high water content would be ¡nore profitably converted into
a storable fuel by a biological process that operates in an aqueous

mediun, e.g. an anaerobic or an aerobic process. rn other cases, where

relatively dry waste naterials are resistant to biodegradation, the direct
combustion to heat energy or conversion to concentrated fuels by a

chemical process, such as pyrolysis, would be conparatively feasible (47) .

Figure 4.1 displays nethods available for the conversion of
residues to useful eneÌgy

RESIDUES

FIGURI 4.1 Methods of conversion of Residues into useful Energ¡



The discussion of conversion methods in this chapter will be on

pyrolysis and anaerobic digestion with greatest emphasis directed to
pyrolysis.

4.2 PyrolySis

4.2.L Definition of Terms

Pyrolysis: The simplest definition found in the literature states that

'rPyrolysis is sinply the heating of a material to a high tenperature in

the absence of air - the method for producing coke from coal or charcoal

from woodt' (58). There are other explanations of the term pyrolysis,

e.9., trPyrolysis is a process which brings about a physical change in a

molecule by neans of stressing the molecule with heat. The process is
carried out in the absence of oxygen and does not involve the r¡et oxidation

of the naterial. The nolecule may be broken up, rearranged, or added

to, when subjected to pyrolysist' (46), or ,specific chenical change,

either molecularly constructive or destructive, brought about by heat in
a closed vesselr' (46), or "Pyrolysis is thernal decomposition that can

be achieved by heating in an inert or controlled atmosphere or by partial
combustionrr (19), or it can be defined simply as I'the chemical decomposition

by the action of heatf' (Sg).

Destructive distiltation: A form of pyrolysis defined as nthe pyrolytic
decomposition of a naturally occuring organic material, such as animal

waste, peat, coal, wood, bone, etc., which produces char, tar, þ¡ater, and

carbonaceous gasestt (46). The terms f'destructive distillationtt and

rrpyrolysisrr are frequently confused in application. Nelson (46) explained

that I'pyrolysistf is most commonly used by chemists and physicists and has

been accepted for the full range of ¡nolecular changes caused b¡ heat,

3l



32

while trdestructive distillationrr is an industrial word and describes a

generally understood concept of thermal stability and thermal deconposition

of organic naterials.

A more easily understood explanation of the term rrdestructive

distillationrt may be found in lrlebsterts New World Dictionary (22) wherc

it is defined as rfthe decomposition of a material such as coal, wood, etc.,
by heat in the absence of air, followed by the recovery of volatile
products of the deconposition by condensation or other means*.

Biodegradation: Decomposition by biological. means, especially by

bacterial reaction (22) 
"

Biological process: Activities of living organisns to sustain life,
grohrth and reproduction.

carbonization¡ To change into carbon, as by partial burning (22), ot

to reduce a carbonaceous naterial to char by pyrolysis (46).

Catalyst: Any substance used for speeding up or, sornetimes, slowing down

of the rate of chenical reaction without any pernanent chenical change

to the substance itself (22),

Cellulose: The chief substance conposing the fiber of all plant tissue:

cellulosic material - naterial made from cellulose (22).

Char: The solid, carbonaceous ¡naterial renaining after pyrolysis (46),

or anything charred (22)

charcoaling: The producing of charcoal, a forrn of carbon, by the

pyrolysis of wood or other organic matter (ZZ, 46).

Ch.emical proce.ss: A process dealing with a chemìcal reaction, i.e., change

of molecule composition

cg.ki-ng.: Making coke frorn coal by heating with the collection of gasf tar,
or other liquid hydrocarbons as b¡ products [a6) I oT t¡to change lntO ceke(r

(22),



.IncineratioJr! Burning to ashes (zz), or the oxidation of materials,

usuall.y with atnospheric oxygen at elevated temperature (46).

Partial oxidatigJrl The burning of some of the material to provide heat

and to renove oxygen, so as to pyrolize the remainder (46). 
,;,.Tar: A thick, sticky, brown to black liquid, obtained by the destructive ,',,,.

distillation of wood, coal, peat, shale, etc., (22), or a bituminous

naterial produced during pyrolysis (46) 
"

Thermal decornpositjon: The reduction of large nolecules to smaller

molecules by heat.

Thermal conposition: The production of nore complex nolecules by heat.

Thermolysis: chemical dissociation of a conpound by heat (22)"

Thermal cracking (Cracking): To rearrange and/or reduce the molecular

structure of a liquid or gas by heat (46).

4.2.2. Fskgrotmg

Pyrolysis, a co¡ilnon chemicar process (lg), has heen known for a

long tine and was first used in England during feudal tines to produce

charcoal fron wood (sg). The technique later beca¡ne well known and

limited to the carbonization and thernolysis of waste wood from wood

processing plants and to the coking of coal. This process has long

been applied commercially to wood for the recovery of organic by-products

such as ¡nethanol, acetic acid and turpentine in addition to the residue

of charcoal (47). The material used can be any organic material that
may be expected to yield gas, liquid, and solid products from the

process. Materials which are difficult to dispose of can be pyrolyzed

for conversion to fuel or other useful products.

Historically, the rnethod of destructive distillation or carhoniza-

33
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;
tion originated in medieval times as a secret nethod of charcoaling within

the family. The process had been used in England during the past fifty
years to up-grade peat as a fuel and to obtain gas and tar by-products.

During the world war II, Japants industry, supporting the Japanese war

effort' hras fueled by the destructive distillation of brown coal. In

the United States, techniques h¡ere developed for coking operations to

supply the needs of the steel ìndustry and to ¡neet the demand for
conbustible gas and snokeless fuel in private ho¡nes (46).

The process has recently been applied to the disposal of municipal

waste and industrial refuse. Therefore, as a method of waste management,

pyrolysis is quite a nelr process. A review of literature has yielded

few references to the use of pyrolysis as a waste treatment process (a6).

only one report dealing with crop residues (5g) was found during:the

period of this study. Statistics relating to pyrolytic work in the early

period, i.e., prior to its application to hraste management, has not been

located in the literature.
1?

The application of pyrolysis to waste management has ueen =Lggested
for two reasons:

(i) the potential of pyrolysis in converting carbonaceous

naterials to some useful products suggested the idea of

applying the process to the treatnent of nonhomogeneous

nunicipal trash and sewage sludge (46), and

(ii) the constraint pertaining to the sanitary landfill and

incineration nethods of waste disposal made it necessary

to search for new techniques and pyrolysis appears to

provide one solution to overcome the inherent problens of

these two nethods,
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Currently, pyrolysis is considered not

overcome the waste disposal problem, but also

of organic wastes into useful products, which

new sources of energy (Sg).

only as a technique to

as a method for conversion

are potentially useful as

4.2.3. Review of Literature

Theoretically, t'by pyrolysis at elevated temperatures, the wastes

are converted into useable or ¡norre manageable solid, liquid, and gaseous

forms without contributing to land, air, or water pollutionr, (s7).

These products are profitable and are possibly a basis to justify the

use of pyrolysis as a nethod of v¡aste treatmentr e.g., solids, nay be

placed in landfill, applied as a soil conditioner, briquetted for fuel

and used as filter nediun; liquid nay be a source of usable chenicals;

and gas can be used as the source of heat for the pyrolytic reaction.

Pyrolysis is not linìted to solid refuse. sewage sludge has

also been carbonized, and the end product rfs¡nolder charfr used to clarify
tlre effluent of the sewage treatnent plant (46). ExperinentarLy, three

pyroloysis procedures have been employed in research programs (19), i.e.,
bomb pyrolysis, long-tube pyrolysis and a process using a rotary glass

device. The third procedure could not be used for quantitative recovery

measurements.

The pyrolysis process is affected by such variables as the type

or organic rnaterial burned, rate of heating, and the ultinate temperature

attained by the residues produced (s3). A number of research projects

have been undertaken to determine the effect of these variables and also

to determine, on the basis of the value of the products, if it is an

economically feasible process (tg¡ 5g). These works have heen applied
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to process three different trpes of waste; municipal, industrial and

agricultural. SchLesìnger (58) stated that agricultural $rastes have been

considered many ti¡nes in the past as a potential for the supply of energy

by the conversion of cellulosic wastes to a liquid petroleum-Iike product

that could be refined to various fuel oils"

Riddle (53) completed a review of literature in the utilization of
municipal and industrial $rastes. His paper gave a description of the

recent development of pyrolysis as a nethod of solid hraste disposal. He

concluded that a pyroLysis unit should be less expensive than the

incineration syste¡n and is less expensive with respect to the ultinate
conservation of resources, The by-products are potentially useful as

nev\r sources of energy. However, pyrolysis techniques still have a problem

of complexÌty and the associated cost of separating organics frorn non-

organics prior to pyrotysis. The Engineering Experimentation Station

of the Georgi.a Institute of Technology has been working in the area of
conversion of agricultural wastes by pyrolysis for about six years (sl) 

"

starting from the first piLot project in 196g which was designed to

convert peanut hulls to a char and combustible gas, the work has

resulted in a connercial operation for the conversion of sawrnill waste

to a marketable product of char. Other products such as oil and gas are

used in the drying systems associated with this process (s1). The u.s.

Environmental Protection Agency has also studied the disposal of cattle
feedlot wastes by pyrolysis. Garner and Snith (19) who carried out this
research reported that the yietd of the combustible mixture produced was.

8.6% Hz, l0.9eo N¡ 16.\eo Co, 38.9eo Coy L2.9eo CHo, 0.3eo CzH4, and l.s% cz16.

This conbustible mixture is equìvalent to 2 to s rnillion Btu/ton f0.6 to

r .:. ;.



0.8 million kcal/nton) of dry nanure. ,',

The most interesting information related to the objective of this

thesis appeared in the report of the Bureau of Mines of the united

states Departnent of Interior which have been carrying out pyrolysis

research for a considerable length of time (SS). Information resulting 
,,¡,,,,.,,

fron pyrolysis techniques developed at the Bureau of Mines are shown

in Table 4.1.

Table 4.1 also contains data on rice straw which is one of the 
,,,,.,.,,,,,

cereaL crop residues being studied for energy recovery feasibility in ¡',', ,,'r,.,',.,

this thesis. The dry weight composition of rice straw $ras found to be i,"',,':,'.,

36,3eol, 5.5% H, 39.7eo0, 0.6% N, 0.1% S,17.8% ash. The noisture content 
rì ::i':::'::':l

of the strav¡ was 7,4%, The composition values for hulls are close to ,,
:

those of rice strav¡. I

i

Pyrolysis techniques developed at the Bureau of Mines were first 
i

1

setup to determine the yield and quality of the products fron coal (sz). 
I

The Bureau of Mines has applied the pyrolysis technique to the conversion 
i

Iof several waste materials to products that could be burned cleanly and

converted to energy (59). Typical vraste materials that were pyrolyzed

include scrap tires, nunicipal refuse, wood $¡aste, battery cases, sludge i,.. 
,,,.,,,..:,..

. ,,
and manure (59). Products from the process are a combustible gas, tar 

,,i,,:,,.,,:..:.,': :.. :'
and oil, and solids which also have an appreciable heating value. The

final resiclue is usually only a srnall fraction of the original waste in

both weight and the votume (S9).

:,, ,1..,,. ,"'.,

4.2.4 Technology and Design Approach

A review of literature has shown that the important factors :

affecting the pyrolysìs process are temperature, rnoisture contentf and

pressure. Other factors to be considered ìnclude the presence of a 
, 

,,,,,,,,,,,,, 
,
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catalyst, retort shape, and methods of material feeding (46, sg).

Temperature, the nost important factor in determining the

products of pyrolysis, has been investigated by several researchers.

Discussions presented by a number of researchers are contained in the
paper of Riddle (53) and also in the report of the Bureau of Mines of
the united states Departnent of the rnterior (ss). It may þe concluded

that the higher the temperature, the greater the gas yield and the

snaller the yield of solid and liquid fractions. Furthermore, temperature

can also affect both the quantities and qualities of the yierd.
It was observed that the moisture present can affect the distri-

bution of yield. Therefore, the presence of moisture is needed to control
the equilibrium conposition. The solution to this problen is to pre-
dry the feed naterials to recover the noisture (sg, 59).

The reaction in pyrolysis takes place at 'tat¡nospheric pressuren

in the absence of air (70). This standard pressure condition probably

has been adopted fron standard coking practices which are conductdd. near

atmospheric pressure. Pressure can affect the molecular structure,.
reaction and inter-reaction during processing. rt has been observed

that carbonization at reduced pressure produces nore tar and less water
than at atnospheric pressure (46).

By definition, catarysts can affect pyrolytic reactions in two

ways, stimulating or retarding. catalysts may be water and metals such

as nickel' copper and iron. Carbon and char produced in the reaction
can also act as catalysts (46).

The retort shape affects the nature of the products by the
influence of the walls and the Ìnclination angle. A horizontal retort
produces more char and less tar, while a vertLcal retort has the
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' ''.:opposite effect and an inclined retort offers intermediate characteristics. , '.
The wall of the retort and the char produced can act as catalysts with

different conditions for different kind of walls and different amounts

of char produced. The retort shape also affects the pressure in the

retort by altering the quantities of gas at different inclinations of .,. ::

retort (46) . 
:;1::'::;;:

Methods of naterial feeding are basically either continuous or

batch systens. The batch-load type of retort is physicaLly Larger than 
.,,:,,,i,

that of the continuous tIpe, and the material spends more time in the .''i,'.',:'

oven with batch systens than that with continuous-flow system (46). This ,,.,.,:,.
l" - j--

extended time would lead to different composition of products.

For all organic materials pyroLyzed,, the results are qualitatively
sinilar with the sane pyrolytic conditions since they are nostly similar
in composition (46, TO). l

A flow diagran for the process of pyrolysis is presented in 
f

IFigure 4.2. -:, 
't

.4.2.5 Discussion and Conclusions

(1) The investigation and improvement of pyrolysis techniques

followed fron the art of charcoaling and developed to the destructive

distillation process for coking. Its application to up-grade peat as a

fuel in Europe during the past fifty years, and to produce fuel for
Japanfs industry during the hrorld War II, has today advanced to a nodern

method of waste disposal (46). Further consideration is now being

given to the potential for conversion of waste into useful clean

energy forrns.
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(2) Pyrolysis techniques can be used to convert waste into
potentially useful solids, liquids and gases without contributing to

environmental pollution C57). It was stated in a nunber of reports that
pyrolysis is seLf-sufficient in energy requirement, usually from the

gas produced, and that almost all of the stored energy in the material

pyrolized is recovered (59).

(3) However, there stilr exist unanswered questions in
utilization of pyrolysis for energy recovery" such questions include

the gas yields from continuous plant operation, the control of moisture

in the pyrolysis zone, and the appropriate design of the pyrolysis

unit (59).

(4) Moisture in the naterial pyrolyzed can affect the distribution
of products fro¡n the reaction of hydrocarbons formed. For exanple, the

composition of gas can be shifted, and residue yield resulting from

thermal cracking of oil can be affected, etc., (5g, Sg).

(5) A very renarkable condition of pyrolysis is that at the higher

tenperature, the products contain more gas and less oil (sg). other

considerations include pressure, catalysts, retort shape and nethods of
material feeding.

4.3. Anaerobic Digestion

4.3.I Definition of Terms

Anaerobic deconposition:. A process which takes place in the absence of
free oxygen. Deconposition under anaerobic decornposition is acconpanied

by the production of methane, carbon dioxide, hydrogen, and traces of
other gases. Only a small amount of heat is released during the process

(62), In biological terrnsf anaerobÌc decornposition is referred tq as a
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reduction of the net energy level and a change in chenical conposition

of organic ¡natter caused by nicro-organisns in an anaerobic environ¡nent

(77), It is also known as the bacterial action resulting ìn a form of
biodegradation (S7).

Biodegradation: The destruction of organic materials by a population of
micro-organisms (77), or the decomposition by biological means especially

by bacterial action (22).

Biological stabilization: The decomposition of organic naterials to sone

degree of stability which no longer can easily be decomposed by biological
rneans, or I'reduction of the net energy level of organic natter as a result
of the metabolic activity of organisns,' (77) q

Decornposition process: Referred to as the bacterial action, or the work

of ¡nicro-organisns which feed on organic ravl material and which yield
by-products different from the original material, as a result of their
activities (62).

Digestion: The breakdown of organic natter in a water solution into

sirnpler or more biologicarly stable conpounds, or both (77)"

Digester: A container in which fermentation or the digestion process

of waste naterials take place.

organic matter: chenical substances of animal or vegetable origin which

are basically carbon structures consisting of hydrocarbons and their
derivatives (77). Organic matter is referred to as a material having

the characteristics of, or derived fron living organisms (zz).

Pollution: unclean, impure, contaninate, dirty (22), It may be described

in biological terns to be - *The presence in a body of water (or soil, or

air) of naterial in such quântities that Ìt irnpairs the waterr,s usefulness

or renders it offensive to the senses of sightr taste, or snell.

:.aaa
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Contanination may acconpany pollution(r, (77).

Sewage; The spent water of a conmunity (77), or the waste matter carried

off by sersers or drains CZ2),

sludge: The precipitate resulting from chemical treatment, or the

accumulated solids separated frorn liquids (17).

slurry: The substrate whìch is acted upon by micro-organisms.

4,3.2. Backgróund

The process of fernentation has been practiced for waste disposal

including anaerobic digestion, aerobic digestion, conposting and lagooning

for nany years (1). It has aLso been used for reducing the volume and

weight of donestic sewage solids (47) and for lessening the odor

normally attending sludge (65). conposting of manures to provide a

fertilizer supplenent for the soil is practiced in some countries.

conposting takes place in the atmosphere and is called ilaerobic" whíle

"anaerobictr digestion is isolated from the influence of air. The process

of aerobic fernentation results in the production of non-combustible gas

(c02) and a large amount of spontaneous heat which can reach a tenperature

of 120oF (48.9'c). Normally, both of these products escape into the

atnosphere. Anaerobic fernentation produces a large quantity of methane

(CH4) representing about 60eo of the total gas produced with carbon dioxide
(c02) accounting for alnost all of the remainder. The gas and heat

produced by the process can be kept and later utilized (6s).

Methane gas is highly combustible and can be used as an energy

source for domestic and industrial purposes, such as lighting, heating,

cooking, running internal combustion engines, as well as providing power

to run snall-scale industries [6s), 'The objective of this stud¡ is to
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investigate the feasibility for energy recovery fron crop residues and

anaerobic fermentation will be considered as one method to be ernployed

for its recoverf.

Methane gas has been produced for millions of years fron organic

¡natter by the activity of micro-organisns. The phenornenon of this gas

escaping fron the earth and being ignited was observed by volta, the

Italian Scientist , in L776 C23). Serious investigation of anaerobic

deconposition was initiated in 1857 when Metcalfe attenpted to digest

wastes into trnaturalrt gas fron the Austin tank (25). The work has been

continued by nany engìneers and scientists since that tine. Methane

gas produced from a well designed septic tank operated by Donald Caneron

in 1895 was collected and used for the street lighting in the vicinity
of the plant at Exeter, England, Methane gas produced from nanure-

digesting plants built in 1920 by Lord rveagh in England, was used for
heating the digesters in the winter and also for cooking in the dwellings

nearby (55).

Many anaerobic digesters have recently been built and operated in
many countries. A recent survey conpleted by the üIorld Health organization

stated that rrmany installation for digesting and deconposing farm manures

and wastes and recovering combustible gad and hurnus had been set up in
Algeria, France, Italy, and rndia, as well as Germany by lg4srr (62). In

Germany, during and inmediately after the world war II, the shortage of
fuel led farmers and engineers to develop their own alternative sources

of energy. A number of gas plants were constructed to produce gas fron

the organic matter of dung and other animal wastes. In Taiwan, following

the initiation of a hog irnprovenent program some fears ago, sinple nethane

gas generators operating under anaerobìc condÌtions tt€re bullt and b¡

45
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1971 had grov¡n in nunber to 7500 operating units (s0). A gas plant was

also reported to be in operation on a farrn at Johannesburg, South Africa
(62). The developnent of anaerobic bÌo-gas plants in rndia as a means of
solving a fuel shortage problem in rural areas has an attractive potential.
In this region, irnported petroleun fuel prices are high, transport

facilities are limited and the general practice of burning cattle dung

cakes has led to a serious health problem for local people. various

designs together with modlfications have been tried with the objective

of improving the functional operation of systems and also to establish
design criteria applicable to clinate variations in India" India has

nade marked progress in developing the bio-gas plant as a rneans of
exploiting the energy recovery potential frorn the organic content of
waste naterial. Much research work has been completed and today there

are over 2500 bio-gas plants (62) generating methane gas in rndia.

4.3.3. Review of Literature

The anaerobic fernentation process has been in use for nany years

for the primary purpose of reducing and stabilizing the volume of solids
'in domestic sewage during treatment. Donestic sewage treatment has the
primary objective to meet requirenents for sanitary disposal and gas

production associated with the process is of secondary interest onry. The

use of the anaerobic digestion process for fuel production as a priurary

objective has been suggested but not developed (47), There were the

displays of utilizÌng wastes for energy in Vienna, lS73 and in London, lg5l.
Since around 1950, research work'on the bacteriat degradation of cow dung

and other organic farm wastes have been going on in ¡nany countries to
improve the conposting process for converting fresh dung into farrrt
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manure. The method was later developed for the production of a conbustible

gas by-product by speeding up the fer¡nentation and deconpositìon (62),

The process of anaerobic ferrnentation results from bacterial

degradation of organic vtastes fed into a system devoid of oxygen. These

bacteria are quite sensitive to the environmental conditions in which ,,,

they live. Higher temperatures are favourable to decomposition while

noderate temperatures give lower gas production. The digestion process

does not function at freezing tenperatures (62) . Anaerobic decornposition 
,'ì.,,,

isaffectednoton1ybyc1imaticconditionsbuta1sobyotherenvironmenta1
. 
t,'

factors and the waste conposltion (48). Digestion of farn animal and crop ;,,

hlastes is being practiced in Europe, Africa, India, Taiwan and Australia
for conserving the fertilizer value of the wastes and for recovery of :

methane gas as a source of power for the farnstead (ss, 62, 6s) , rn

North Anerica, few digesters have been constructed for farn-scale

operation. Since anaerobic digestion units have operated successfully

inwarrn-c1inateregions,thereisaneedforinvestigationand

experinentation to determine the feasibility of operating anaerobic

digestion systens on Canadian farrns, particularly during the winter ¡nonths

t'-t'.(35' 36' 37)' 
'i""Atternpts to exploit energy recovery through anaerobic digestion :,,,'

of wastes has led to a number of research prograns in India. Laboratory

work was initiated by Dr. s.v. Desai in 1940, to determine certain

principles of design for the construction and operation of the digesters 
!,'.,,;,.

and a considerable number of investigations have followed. For exanple,

Professor N.v. Joshi, in 1946, introduced a digester for a capacity of
20 to 50 cubic feer (566 ro t4l6 lirres) of gas per day hy fixing the

ìnlet at the bottorn instead of the top of the fernentation tanR as ln

47
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Dr, Desaits nodel. Jashbai J, patel, introduced the compact digester

unit by combining the fernentation tank and the gas holder into one unit.
His work considerably simplified the installation and reduced costs.

Patelrs developrnents were complemented by the work of Mr. Satish Chandra

Das Gupta and Swani Viswakarmanand. The Gobar Gas Research Station,

Ajitmal, Etawah (u.P.), rndia was founded in 1960 to evaluate the

performance of gas plants for different designs and sizes. The program

confirmed that it is possible to design plants to perform optimally under

many different conditions. Ram Bux singh who has been in-charge of a

research station for 10 years has compiled activities and related results
obtained at the station into two books, i'Bio-Gas Planttt (62) and rfsome

Experiments with Bio-Gas¡r t63). Inforrnation given in Tables 4.2 and, 4.3

following are of ¡nuch interest as it rel.ates to the study of this thesis.

In Taiwan, clinatìc conditions are favourable to the operation of
an anaerobic digester because of the wann tenperatures. During the past

few years, under a progran sponsored by The chinese-American Joint
Commission on Rural Reconstruction (JCRR), Taiwan farrners have installed
7500 digester units using hog dung and chicken-droppings as raw materials.
Their operation has proved to be quite successful and nore units are being

installed by the farmers throughout the country (SO).

In North Anerica, the installation of anaerobic digestion has

been inpeded by cold winter weather which is not conducive to the process

of fermentation, and by cheap alternative sources of fuel. up to the

present' only a few anaerobic dìgesters have been installed on farns for
the recovery of energy and using anìmal h'astes as the source of raw

materials (37). l{owever, interest in the conr/ersion of organic ltasteS

i:.,.:. i --
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TABLE 4.3

Quantity and Quality of Gas produced Fro¡n selected Dry Materialsl

Materials
Gas per Ib
of dry matter

Percentage of Conposition

cu ft CH¿ HZ COZ

Dry leaf powder

Sugarcane thresh

Corn stover

Activated sludge

Straw powder

7 .2 44 .44 10.78 44.76

I2.0 45 .44 t0 .23 44 .3s

13.0 45 ,94 10.26 43.83

10"0 43.82 11,82 45.90

ls. 0 46 .42 9.88 44.70

tlT Bux Singhr Blg_-gag plar]!, Gobar Gas Research Sration,Ajitmal, EtawahffiäIa, p. 18.
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into energy for agriculture is increasing, A nunber of research projects

are in progress to find the optinun conditions for the successful

operation of anaerobic syste¡ns under local area environmental constraints.
Dr. J. Pfeffer (49) of the Department of Civil Engineering, University

of lllinois, completed a laboratory study using a 0.5s cubic feet (ls
litres) reactor operating in a constant temperature room. Shredded

residential refuse was used as the substrate for the entire study.

Results fron his laboratory study are shown in Tables 4.4 and, 4.s.

In Canada, research work is in progress under the direction of an

interdisciplinary committee of faculty nembers at the university of
Manitoba. Their objective is to establish the feasibility of generating

methane gas by anaerobic decomposition of livestock wastes and the usage

of the gas produced (65). Laboratory investigations were undertakpn

using three different loadÌng rates in six digesters having the capacity

of 0.14 cubic feet (4 litres) each. These digesters were seeded with
digesting sev¡age sludge and operated using hog manure with two different
retention tine and varying constant roon temperatures in the mesophy,lic

range. sparling (65) in reporting the results of laboratory studies

stated that rrGas production fron 7.2 to 16.g cubic feet of gas per

pound of volatile solids destroyed with a gas conposed of s7 to 60%

rnethane was found for hog wastesr'. He also reported that at normal

high rate digestion loadings, no ammonium toxicity interference affected
the operation and that antibiotics were not a problen. Figure 4.S

following shows the resurts of this raboratory study.

Ïhe research work at the University of Manitoba is nor{ proceeding

in a pitot plant at the Glenl.ea Research Station located lS ¡niles (24 K¡n)

south of the city of winnipeg, Manitoba, where the digesters handllng



T
A

B
T

E
 4

.4

G
as

 P
ro

du
ct

io
n 

fr
on

 S
hr

ed
de

d 
R

es
id

en
tia

l 
R

ef
us

e

(c
u 

fr
ltb

 D
ry

 S
ot

id
)l

T
en

pe
ra

tu
re

oF

95
.0

10
4.

0

10
5.

 I
10

7 
.8

10
9.

4

11
3.

 0

1r
8.

4

I2
7 

.4

L3
2.

8
I4

0.
0

t.4
0

2.
33

2.
49

2.
s9

2.
58

2.
08

2.
64

3.
33

3.
74

4,
23

R
et

en
tio

n 
T

im
e 

(D
ay

s)

2.
30

 
2.

58
 

2.
86

 
2.

95
2 
.9

8 
3 
.2

0 
3.

 6
0 

3 
.8

5

3.
 0

9 
3.

25
 

3.
7I

 
3.

95
3.

L4
 

3.
33

 
3.

74
 

3.
95

3.
 0

9 
3 
"2

6 
3.

67
 

3.
82

2.
55

 
2.

70
 

3.
05

 
3.

I4
3.

L4
 

3.
33

 
3.

s7
 

3.
82

3.
88

 
4.

07
 

4 
.2

9 
4.

51

J.
 P

fe
ffe

r,
 r

fP
ro

ce
ss

in
g 

or
ga

ni
c 

so
lid

s.
by

 A
na

er
ob

ic
 F

er
m

en
ta

tio
n"

in
 P

ro
ce

ed
in

ss
 I

nt
er

na
tio

ra
l 

B
io

T
rs

s 
E

ne
tg

y 
co

nf
er

e 
, 

l{i
nn

ip
åg

,
ca

n 
g"

 
l

10
15

4.
20

 
4,

35
 

4 
.5

4 
4,

75
 

4.
88

20

4 
.4

9 
4 
,5

7 
4 
,7

9 
4 
,9

3 
4 

.9
6

30

3.
 0

5

4.
 1

0

4.
20

4.
20

4.
09

3.
36

4.
06

4.
70

t,

.'r
 

i,
N

 
t:.

:

':- '! ;1 ii :lì 'i: t,: li: i1
;

:;.
1i

;)
;

.'.
li



T
A

B
LE

 4
.5

G
as

 C
om

po
si

tio
n 

at
 g

so
F

 (
s5

"c
) 

an
d 

l4
0o

F
 q

oo
oc

l 
I

R
ea

ct
or

nu
m

be
r

I 2 3 4 5 6 7 I

R
et

en
tio

n
T

in
e-

D
ay

95
oF

 (
35

'C
)

4 4 6 8

10 15 20 30

'r"
^o

69
 ,7

 
30

.3

69
 .8

 
30

 .
2

64
.3

 
35

.7

58
.6

 
47

.4

57
 .2

 
42

.8

53
. 
8 

46
.2

53
.5

 
46

 .6

53
.8

 
46

.2

C
ot

%
o

l. 'J
. 

P
fe

ffe
r,

 r
rP

ro
ce

ss
in

g 
O

rg
an

ic
 S

ol
id

s 
by

 A
na

er
ob

ic
 F

er
rn

en
ta

tio
n"

in
 P

T
oc

e_
qd

in
g:

 I
nt

er
na

tio
nr

l B
io

T
ar

r 
E

n"
tg

y 
co

nf
ru

, 
w

in
ni

pe
g,

C
an

R
et

en
tio

n
T

im
e-

D
ayl4

oo
F

 (
60

oC
)

3 4 6 8

10 15 20 30

l"^
o

53
.5

55
.0

51
 .9

50
.2

52
.3

53
.5

49
. 

1

53
.7

C
O

,
%

-

46
 .

5

45
.0

48
 .1

49
.8

47
 .7

46
.5

s0
.9

46
.3

gr U
r



.l:¡
:::l '_': 'i:''i: 

:-1: 1L r-/:i--'_!f,¡_;''¡;f _r';-: 

'í¡?ri¡fii'j { :l-::'
ÊA\"t

un¡¡ 6.

- 
funîi

.ounlt t

rtltt

$

Ë
ì

ñ
{

ft
ì

s
R

ñ
o-q

t
vt

42

TEIfiPERATURE

FIGURE 4.3 Gas Producrion in litres/day/4 litres (0.f4 cu ft) Sludge as aFr:nction of Temperat're in Hog Manure Digestion
SoIid lines indicate 1S-day rètention tilne
Dotted lines indicate lO_day retention timetlnits I and z have O.rs rb vs/cu ft/ðay (2.40 sryn vs/ritte/day)
loading rate
tlnits S and 4 have 0.20 fb VS/cu ft/day (5.20 gn VS/titre/day)
loading rate
Units 5 and 6 have 0.2S tb VS/cu ft/day (4.00 gn VS/tirrc/day)
loading rate (Ref. 65).
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the wastes from 25 hogs are currently in operation. ''

, 0,3.4, T.echnology and Des:LFn Approa-c\

The process of anaerobic digestion is a highly complex series of
reactions brought about by a nixed culture of bacteria. Taiganides (7 ) ..,-,:ì ..

. -, :.::..:.:...:..
stated that rrUnder proper conditions these bacteria can be cultivated to 

::: " '

a high degree of activity within a few weeks, and then be maintained at
this level indefinitely". He also clained that rrThe process can be carried :

., ,, , 
,, , ..

out within a wide range of temperatures, provided the temperature is ',.,,,.,.' ,,

I 
-aintained at a constant level.tt. 

,,,,,,:,,.. ,,,....-..
Under anaerobic conditions, the process of digestion is considered

r to be basically a two-stage process in which organic matter is fermented

to produce fatty acids which are converted into methane and carbon

I dioxide. In the first stage which is referred to as î'liquificationr?, 
i

fats' proteins, and carbohydrates are converted to the simple soluble j
- ----f -

r.l
organic naterials in the forn of fatty acids and alcohols by a group of

le-E

anaerobicbacteriaknownast'acidfoÏners''.Theproductsfronthis,

stage are also known as ttshort-chain organic acidsrt or frvolatile acidsú l

together with a s¡nall arnount of bacterial cells. In the second stage, l,','1,,,',,,.
: r.:

referred to as 'tgasificationft, the fatty acids and alcohols are acted .',,,,,',,,, ,

. 
i :.:ì ; r . . r.:j

upon by a group of anaerobic bacteria known as frmethane formers'r and are

converted into gaseous end products of methane and carbon dioxide with

small traces of hydrogen, hydrogen sulphide, and amrnonia (49, s0, 6s) 
r,,.,,,,, 

,,, ..,.,
These bacteria exist naturarly in decaying matter and can be ::-:'-:;-:':':

brought into a high degree of activity wÌthin a few weeks under the proper

environrnental conditions (37) , For optirnurn conditions, both types of
bacteria nust be in proper balance e4), The s¡rsten operation is



a-'i i:ì.'.,:-

dependent uPon the rrnethane formingrr bacteria which are co¡nprised of
several different groups and are characterised by their ability to fernent
only a specìfic number of compounds C49, 65).

The anaerobic digester is typically an enclosed tank sealed fro¡n 
,::.:,::the at¡nosphere with some means of feeding and withdrawing digestible ;:':,¡,,:

material, and a method for collecting the gas produced. Feeding sl.urry
and withdrawing digested naterial can be done by gravìty flow through a

pipe or by pumping. The differences in design of digesters are dependent .,:,1,.'
'.,..'

upon the nethods of feedÌng and environ¡nental. conditions. There are two 
,,'..r...,nethods for feeding the slurry into digester. one is a ?rcontinuous

feeding cycle?t and the second is a ttbatch feeding cycle". ïhe continuous

56

f teeding cycle is designed to provide uniforn gas production throughout
i

i 
the cornplete period of waste digestion and is usually operated on a

i 
oefinite retention tine cycle. A snall anount of slurry is fed daily,

i or at some interval, into the digester so that there will always be some

i fresh slurry in the digester producing gas at a good rate. The batch
i feeding cycle is designed for fermenting materials such as vegetable

wastes, that do not flow through pipes easily as well as for liquids.
:

For this cycle, the digester contents are withdrawn and reloaded with its
entire volu¡ne. The cycle operation is dependent on the composition of
the fernenting rnaterial and the temperature (62),

The important factors for successful operation of digesters are
feed naterial cornposition (48) and envirorunental parameters of temperature, ¡,,:,

loading rate, solids concentration, detention period, volatile acids

concentration, scum fornation, essential nutrients concentration, toxic
substances, pH (74), and seeding (37),

(l) T.emperatu.r-el Digestion by bacterÌa occurs at ternperature ,,,.,.',,
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Ii:r:':::i

ranging from 32 to l40oF (0-60'c) (62), There are three tenperature

ranges that the bacterial action of three different groups can take place

in anaerobic deconposition. These temperature ranges are: the

cryophilic (below 50oF or 10'c) (49), rhe mesophilic (gso to losoF or

29.4 t0 40.6oc) and the thermophitic (120 ro 140oF or 48.9o ro 60"c)

(74). In each temperature range, there are two inportant factors affecting
the process, i.e., the rate of bacterial action, and the detention tine
which is required to stabilize solids. In the cryophilic range the rate

of bacterial action is very slow and the detention time is long, probably

in excess of a year. In the rnesophilic tange, the rate of bacterial action

and stabilization is high and the detention tine ranges between 20 to 30

days. rn the thernophillic range, the rate of bacterial action and

stabilization reaches its naxinum at a tenperature around l3loF or 55oC

(48). However, nost digesters operate in the nesophilic range at a

temperature in the vicinìty of 9s"F (gs"c). At the high tenperatures

of the thernophilic range, bacteria are highry sensitive to the

environnental changes, there is difficurty in naintaining such high

temperatures (74) and there is a high energy requirenent to reach the

temperature level (34). At temperatures beyond the thernophilic range,

all deco¡nposition stops because the high temperatures sterilize the

wastes, killing the bacteria (48). Figure 4.4 shows the relationship

between time required for digestion and the te¡npeïature range.

Temperature is the most important factor affecting the detention

time, and quantatitive gas production. rt is also essential for the

anaerobic digestion to have a constant temperature in the systen, as

methane-formers are very sensitive to tenperature changes (49), A few

degrees of ternperature increase does not affect the digestion whlle
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only soF [2,8oc) of temperature decrease will stop nethane production

without affecting ¿sid-producing bacteria. This will lead to the excess

of acids accu¡nulation, and possibre digester fairure (.74).

[2) Loading rátg ¡ The loading rate is expressed as the weight

of volatile soLids added to the digester per interval of time per unit
of digester capacity QQ, Since volatile solids are an indirect measure

of the biodegradable organic content of a waste, successful loading

rates nust be found experinentalty and are dependent on the solids

concentration in the digester and temperature as well. However, high

loading rates nay increase the alkalinity and pH causing digester failure
because of the slow reproductlon rates of nethane-fonning bacteria (S5,

37 ' 48). LapP (35) stated that ¡rlor+ feed rates result in starving the

bacteria while high feed rates cause upsets because nethane bacteria
cannot utilize the by-products of the acid forners as fast as they are

producedr'. Successful Loading rates for swine waste digestion in Manitoba

have been between 0.1 to 0.2 Lb vs/cu ft/ð,ay at gsoF (gs"c).

(3) Solid concentration: A sufficient quantity of water in the

anaerobic digester is required for successful digestion. water acts

as a rnode of transport of food for bacteria. ïhe naximum allowable

solids concentration .is limited by various factors related to the

composition of the matter to be decomposed (48). Aninal manure generally

contains fron 10 to 25 percent dry solids and the solids concentration

in the digester should be between 4 to 16 percent. since the optinum

solids concentration in the digester is normally about 7 to 9 percent,

dilution nay be required (38). The desired solids concentration is
dependent on tenperature and is closely related to the loading rater
Lapp (35) stated that rrlow solid concentratÌons nean that food ls



insufficient to support thriving nicrobial acrivity. High solid
concentrations result in the build.up of toxic naterials and again

digestion is retardedrt.

(4) Retention Þeti99l rn continuous-feed systems, the retention

,, period can be defined in term of solids retention time (SRT) as the .,:,,

quantity of total solids in the digester divided by the quantity of.

total solids removed per day. It can also be defined in tern of hydraulic

, "etention time (HRT) as the digester volune divided by the volume of ,,,,.,,

' 
,ement f38. 741 . Taisanides et el - (7L\ €nrrná rh.+ +rrÂ Jic^¡+^- ""';'

: displacement (38, 74). Taiganides et al. (74) found that the digester
. apô- ---õ^, - i,t.t,t.

' operating at 95"F (35"c) frequently required a hydraulic retention time :::;'

I of 30 days. However, a range of 10 to 30 days nay be required, depending

on environnental conditions (S7) 
"

(5) Volátilè àcìdS concentration: The volatile acid concentrations

j "re dependent on tenperature. t'At low temperature, volatile acid concen-

I trations are low and they increase rapidly as temperatuïe increasesr?.

i (4s). An increase of volatile acid concentrations results when the

' rnethane fonners cannot utilize acids at the rate they are produced, and

digestion stoPs within a few days. High acidity in the digester is
:

mainly caused by high loading rates, reductions in temperature, and scun

formation. Methane formation drops when the volatile acid concentrations

expressed as acetic acid exceed 2000 to 3000 mg/litre (0.r2s to 0.Lg7 lb/
cu ft). Normally, acetic acid in the operating digester ranges fron 50

to 350 mg/litre (0.0031 to 0.0219 lb/cu ft). A rapid increase in volatile .,',,.
: :'-':.;::

acid concentration can be controlled by tiniting the amount and rate
of substrate added [Buswell (4t)J [49).

(6) Scum formati-on and mixingi Scurn is referred to as the fight 
:

weight, inert rnaterial accu¡nulated on the top surface of the liquid Ìn 
;,,,,,,,,,

60
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the digester, This accurnulation reduces the effective volume of a

digester and obstructs the release of gas fron the nixture. Scur¡ creates

a zone of substrate accunulatìon in which a high concentration of acid

develops. The phenomenon also obstructs bacterÌa fron making contact

' with their substrates, Prevention of this undersirable scum fornation

can be accomplished by neans of nixing through mechanical rotors (aþitators),
by gas production recirculatìon, or liquid (slurry) recirculation.

:

; Mixing wil'l naintain a honogeneous mixture of digester contents, bring

bacteria into nore innediate contact with the organic matter and elininate

' the developnent of dead spots within the digester (34, 3s, s6, gg, 4g,

' 74),

, Itlechanical rotors are not expensive but do not function well,
as there is often sone scun formation in the digester. produced gas

recirculation by conpressing and discharging near the botton of the

tank, provides quite good rnixing of the digester contents. This systen

has a high initial. cost but operation and naintenance cost are very low.

The liquid recirculation systen gives the nost conplete mixing, by

drawing slurry fron the bottom of the digester tank and punping it for
delivery at the top of the digester. The system is expensive to install
and operate but it has one advantage that the sludge nay be heated before

purnping back into the tank (4s). Mechanical agitators have been installed
in the digesters located in the pilot plant in Manitoba (34).

(7) Essential nutrient concentration: A supply of nutrients is
necessary for growth in a biological systen. The nost important elements

required are nitrogen and phosphorus while ¡nany other elenents are needed

in trace quantities. Generally, aninal wastes contain sufficient

6l
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concentrations of nutrients for good biological activity but plant wastes

such as straw may lack some of the nutritional requirernents. The lack of
5one specific elements required for growth will result in the inhibition
of bacterial growth and consequently, gas production (34, s7, sg). How-

., ever, high nitrogen content may occasional. ly produce an¡nonia gas which ,',''.',",

is toxic to anaerobic digestion (4g) 
"

(8) Toxic súbstances: The growth of bacteria is inhibited in
''''''.

,,.: the presence of excessive amounts of toxic substances. rn biological .'i,, ,,'.

.life, an optinum quantity of nutrìent elernents is a stimulant for
: -.:: :: -

"i bacterial netabolism but nutrients will be toxic ìf present in excessively '::'::'::l

' high concentrations. Salt and annonium gas are probably the nost comnon
:

, uxamples. Mineral salt concentrations in excess of 4000 ppn will retard f

ifermentation while free ammonia can be toxic at low concentrations and lEv¿v¡¡J e¡¡l

.ll *¡a..1+ :- -L^ f-!imaywel1resu1tinthefai1ureofthedigestionsyStem.Heavynetals

are also toxic to the systen. A snall amount of copper is a stimulant: _r____.-r q¡rvu¡rL v¡ Lvpy(;L rJ ¿,' sLl¡¡lu¡an.l

I to thp enzymatic activity of bacteria but is toxic in high concentrations

' ¡mportant heavy netals are copper, nickel, hexavalent chromium and zinc"
The limitations of definite toxicity are difficult to deternine. Toxicity ¡,,.,,;,..,,,r¡ v^J 

; :_: :': :.: :.:

"' 
can be elininated by diluting wastes and sone other specific neans ,..,,,, ,- :; -,::

: ! r -,t.',.t.t,'.t.-"' according to toxic substances and their characteristics (4g, 74). ;::1

(9) pH and Alkalinity: The pH is an indicator of how well the
digestion is proceeding. The optimrxn pH range for digestion is from 

,

"," 7 to 8. The pH below 6.5 will inhibit ¡nethane formation and a pH of ir:ii.:, :

below 4.5 wirr stop the operation of the system (74),

The alkalinity is usuall.y arnmonìun bicarbonate which functions 
:

as a buffering agent to prevent the pH frorn dropping to a level which

,,, *i11 inhibÌt the nethane-fonning bacteria. Low concentratr*ons of ,.,,,,,,.,,.,,,



alkalinity nay cause the ¡nethane forners to cease their activitl due to
the organic acids accumulation. The concentration of alkalinÌty desired

for successful bacterìal activit¡ varies for different material digested

(37' 38, 48). Control of the alkalinìty and the pH can be accornplished

by adding lime, if necessary.

(10) Seed¡ Seed is an anount of actively digesting material

added to a new digester to ensure that a culture of the proper bacteria

is present for start-up. sludge fron any anaerobic digester at a

municipal sewage treatnent plants,can be used for this purpose. Without

seeding, fernentation requìres a lengthy start-up tine. This is because

the methane formers found in nature are not sufficient to begin digestion
and it nay take several weeks for them to multiply into a large efficient
nethane-formìng populatìon. Therefore, by neans of seeding, start-up tine
can be reduced significantly, The amount of seed required is dependent

upon the size of digester (56, 57, Sg).

The construction and operation of a digester must be basecl cn

the design criteria for the type selected and the environmental conditions

in which it must function, as size and shape of the digester do not

affect digestion rates (48). The type of digesters and environmental

conditions for operation have been dealt with previously. The general

principles for the complete system of anaerobic digestion may be viewed

from the flow sheet illustrated by pfeffer (4g) following.

4.3.5 Discussion and Conclus.i-ons

Although organic wastes are rich in fertilizing constituents,

the disposal of $¡aste without any treatment may cause a problen of
pollution. Therefore, ìn sone cases, fron the public health point of

63
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view, $tastes should be given a treatment to a safe level before final
disposal (74). It has been reported that organic waste can be digested

anaerobically in a proper environnent. Organic wastes basically contain

the sane compounds, carbohydrates, proteins and fats as sewage sludge
...'..'.

: (49) wtrich has been treated by using an anaerobic digestion systen for ,,.'.,

many years (47, 74). Therefore, there appears to be no reason why crop

residues could not undergo adequate anaerobic decomposition.

. An anaerobic process provides not only a means of energy .:,,:',': 
., ,.

conServationbuta1soaneansofgreatreductioninthequantityof

,; wastes for final disposal (49). Furthernore, the residue renaining 'ì',",

:.,4fterthedigestionprocessisbio1ogica11ystab1e(49).Itisavery

f good plant nutrient and an excellent soil conditioner since it produces

j "o nitrogen loss in the process (63). During the process, organic i

1I nitrogen is converted to amnonia nitrogen which is in a form nore usable ,

I Oy plants (65). The fertilizer value of digesred solids after anaerobic 
I
l

, deconposition is higher than that of the aerobic process or of the raw 
1i-i

"aste (65, 74).

Experienceandpracticeinnrrnicipa1sewagetreatnentbythe

anaerobic fermentation process has resulted in the application of the 'ì'
'.'-.':: ' : ^- :::-r_::process ln sone countries as a means of energy recovery from organic

vì¡astes fron agriculture and domestic use. In comparing environ¡nental

conditions in which the digester nay be operating, it has been noted

, that anaerobic digesters have been operating successfully in warn ;,.r ,

climates while only a few srnall scale anaerobic digesters have been

installed in cold clinates (37), More information is still required

from research and experimentation in cold climates. Most important ¿rmong

he environmental parameters are tenperature, loading rates, solids ;.,.,,

6s
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concentration, detention period, volatile acids concentration, toxic
substances, pH and seeding.

It has been found from the review of literature thât animal

wastes can be fermented successfully under' the anaerobic conditions

sinilar to the digestion of municipal wastes " sone interesting

statistics are shown in the tables of this chapter particularly Table 4.3

. which shows the quality and quantiiy of gas produced from straw. Ran Bux

singh (62) found that under the anaerobic digestion process, corn stover

can produce gas in the anount of 13.0 cu ft/lb (0.g12 litre/gm) of dry

natter and that the gas contained 4s.94% cH4, Lo.z6e" HT and.4s.gs% coz"

Straw powder will produce gas in the anount of 15.0 cu ft/tA p.gs7 litre/
gm) of dry matter and the compositions of gas hras 46.42% cH4, g.gg% Hz,

and 44.70% CO2. Both naterials are similar in the quantity and quality
of gas produced frorn the process.

The anaerobic digestion is not a new technique and has been used

for many years in nunicipal waste managenent practice. The process has

occurred naturally since prehistoric tines. Anaerobic digestion has

been used successfully as a nethod of energy recovery fron organic h'astes

in warm climates. rt is hoped that the process will also prove to be

successful in cold climates
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CHAPTER V

EXPERITUENTS

5. I PfrolySis

5.1.f Appârdtus

Tho equipnent used for this erçeriment was a long tube constructed

with sone nodification after the apparatus described in references

(19, 3L, 46, and 56). The pyrolysis systen can be divided into four
components including; heat supply rnit, p¡rolysis unit, condensing unit,
and collecting unit. The pyrolysis apparatus used is shown in Figure 5.1

and Figure 5-2, while conponents aÌe shown in Figures 5.s, s,4r 5.5, s.6

and 5.7 and are discussed in the following sections"

(i) Heat Supply Unit

The function of this ¡¡rit is to provide heat to the pyrolysis

tube. The unit shown in Figure S.3 is cornposed of:
(a) a propane gas tank equipped with a pressure gauge,

pressure regulator, gâs f10w meter, copper-constantafi

thernocouple, and nanometer to neasure the derivery

conditions of gas supplied to the b,nsen burners. A

propane gas tank was placed on the weight scale in

order to detennine the heat input calculated from the

loss of weight of the tank during the test, and

Cb) a heliun gas tank equipped with a pressure gauge, and

a pressurfe regulator. The function of the helium gas

was to flush out the air in the pyrolysis tube prior
to heating.

it,l::
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(ii) Pfrolysis Unir

The pyrolysis unit represents a najor conponent of the

systen which firnctions as the reactor to convert straw into gas and

other by-products. The t¡nit is shown in Figure s.4 and is composed of:
(a) a pyrolysis tube, three feet (0.91 n) in length and i,,,i

fabricated from two-inch (5.1 cn) diäneter black. iron
pipe,which was loaded with the straw sampl.e during

each test. It was equipped with trapping tubeg 
,i:,

on both ends. The trapping tubes were nade of ,tt,

black iron having the sa¡ne dianeter as the pyæolysis i.,ì

tube. One trapping tube, connected to the propane gas

tank, had a length of six inches (1S.2 cn) and was

packed with cera¡nic (broken brick). The other

trapping tube, connected to the condensing unit, had

a length of r0 inches (2s.4 crn) and was packed with

charcoar for the inner four inches (ro.z cm) and with

ceranic for the outer six inches (15.2 cn). The

ft¡nction of the trapping tubes was to colrect the

inpurities in the gas produced. Trapping tubes and

the p1æolysis tube virere connected together by

flange couplings fabricated fron f, incfr (1.9 cn)

iron plates, each six inches (15.2 cn) in dianeter.

The tube was supported by stands at both ends, and

!{as covered by an insulated heat shield during the

tests.

(b) A series of bunsen burners connected by a nanifold

was used to heat the pyrolysis tube. A naxinun

of 10 burners courd be placed under the three-foot

j:ir:,
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,.'.,
(0.91 rn) length of the pyrolysis rube. The

temperature in the process was neasured by a chronel-

alumel thermocouple which was placed into a neasuring

tap installed in the pyrolysis tubeo

(iii) Condensing Unit :, '.','

A condensing unit was fabricated to collect tar, oil, and

aqueous products from the gases produced. The condensation unit shown

in Figure 5.5 was conposed of two water-cooled condensers and two dry- .,.:,,:t,

ice baths. The tenperature of the dry ice is reported to be -7goc 
r:'::-'l

,,,.¡';,(-108oF) and was not deternined in this ex¡lerinent (19). The water :::.;:

used for cooling the two condensers was flowing tap water which drained

intoapai1asshown.Thecondensate!{asco11ectedinf].asksinsta1I'ed

after the condensers in the dry ice baths. 
I

(iv) Cotlecrins Unir 
I

1

The gas produced was corlected and neasured by riquid 
l

displacenent. As shown in Figure 5.6, the collecting mit contained two 
i
l

bottles, one of which contained 19 litres (0.67 cu ft) of acid salt sol- ì

ution. The other bottle was empty and was used to deternine the voh¡ne
t,'4:,.,,of gas produced by measuring the volume of liquid displaced into this , .,

bottle. A three-way valve was installed within the loop between these ' ,"','

two bottles so that each bottle could serve a reversible function in the

event that the gas produced was nore than 19 litres (0.67 cu ft). An

off-gas tube was installed with a stopcock leading fron the loop before ;,:.,,'-::,.

entering the acid salt bottle and was used for collecting gas samples

for composition analyses.

The connection between the pyrolysis unit, the condensing unit
and the collecting unit is shown in Figure 5.7. ,,,,,::..,.
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FIGURE 5.1 The P¡æolysis Apparatus
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FIGURE 5.2 Heating the Pyrolysis T\rbe
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FIGURE 5.3 The Fuel Suppty unit
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FIGURE 5.4 The pyrolysis Tube and Burners

\

\
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FIGURE 5.5 The Condensing unit
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Ì:;.-

FIGURE 5.6 The Gas Collecting Unit

.:; t;.
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FIGURE 5.7 Connection of the
the Condensing and

Pyrolysis Unit with
Col.lecting Unit
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5.I,2 Material Pyrolyzed : ::

The material used in this pyrolysis process was oat straw

obtained fron the Glenlea Research Station and fron a nearby farm. Straw

was chopped by passing it through a hannermill prior to loading the

pyrolysis tube. The pyrolysis tube held 150 grans (0.g3f -lb) of chopped ,.,,,:

stra$r without any compaction. Analyses of straw samples were nade to
determine the noisture content and the percentages of volatile solids.
The results of the analyses are noted as forrows. 

,,.,:,;,1;.

Moisture contents and volatile solids: This analysis was made

according to Standard tlethods (66). Analysis of three samples yielded ,:-:,,"'.

an average noisture content of 6.75% and an average volatile solids

content of 81 "77%.
,

5.1 .3 Procedure I

Straw samples v¡ere prepared by grinding in a s¡nall hammernill 
,

equipped with a ft--incr, (0.s cm) screen. A tsO-gran (0.ggt-tb) sanple

ofoatstrah'wasusedforeachofthebatchtrials.Strawsanpleswere

placed in the pyrolysis tube through a fi.mnel. Before starting to heat

the pyrolysis tube, air was flushed out of the systen by the passage of ,,',,,1,,,,
:'

helium gas. At this tirne the weight of the propane gas tank and roon ,,,,,,,
air temperature h'ere recorded. Thernocouples were used to neasure the 

: :

air temperature.

propane gas $Jas s'pplied to the bunsen burners, the quantity of 
j,,,,,,,,,,,,

which r4Jas measured by a gas flow meter expressed in ¡naximun flow air rl:-i::ì:-:':

equivalent (scFM). The flow of propane gas was regulated at tgro

different rates, s0% and s0eo of naximun flow air equivalent. A series

of bunsen burners were lit with different nunbers of five, seven and

ten burners for elternate tests. Tenperature and pressure in the systen ' '



u¡ere recorded at several steps of the process: starting to heat,

beginning of gas production, and completion of gas production.

The quantity of gas produced was measured by noting the volune of
acid salt which was displaced by the gas produced. The quantity of char

renaining in the pyrolysis tube was taken out for weighing to cleternine ,,:, 
.:

:':.:: 
a :"

the volatile solids content. 0ther products such as tar and oil were

collected, but the quantity was too snall to rneasure. A number of gas

sanples were collected in the gas collecting tubes for conposition ,,,1,,l
':''t,,"'1',

analysis. The anarysis of gas was carried out by Dr. w. woodbury, 
'

Departnent of Plant science, lJniversity of Manitoba. ,',¡-',,',.

5.L.4 Discussion and Results

(i) The Quantity of Gas produced

Tables 5.1 and 5.2 list the quantity and characteristics of
gas produced during laboratory bench trials. From the bench trials
conpleted it can be concluded that:

(a) the anount of gas produced fron straw is a fi¡nction of
temperature in the process. The quantity of gas

produced increased directly with higher temperatures

(b) gas production began at a tenperature of 400oF (:s0.F)

or 204oC (128oc¡

(c) the Tate of tenperature increase also affected the

quantity of gas produced. rt was observed that the

quantity of gas produced increased as the rate of
temperature rise increased.

(d) the test resurts recorded in (b) and (c) agree with

observations fron the review of literature in chapter

IV.



ce) fro¡n Tabres s,r and s.2, it was determined that;

- under a rvorking tenperature range from 60 to 70OoF

(16 to 316oC) the average quantity of gas produced

was 1.43 cu ft/lb (0.09 litre/grn) or 2,g60 cu ft/ton
(89 cu m/rn ton)

- t¡nder a working tenperature range fron 60 to 700oF

(16 to 377"C) the average quantity of gas produced

was 1"78 cu ft/tA (0.11 lirre/gm) or 5,560 cu ft/ton
(110 cu n/rn ton)

(f) the quantity of gas produced from oat straw is rea-

sonable and agrees closely r{ith the quantity of gas

reported for rice straw in Table 4.1 of Chapter IV.

However, the highest production of gas from rice straw

was obtained at higher pyrolysis temperatures (S92 to

L,292oF or 200 to 70OoC) while the ulti¡nate pyrolysis

tenperature of oat straw under this experinent was

about 700oF (371oC).

(ii) The Comparison of Gas Produced

Appendix B shows the results of the gas cornposition analysis.

The gas samples were collected by water displacenent and were analysed

by gas chromotography. rt was reported that at least ls different

components vtere detected. 0n the basis of peak areas t$ro components,

carbon monoxide and nethane, constitute 60 to 80% of the total gas

detected. The average percentage of carbon nonoxide was almost 40eo

while the average percentage of methane was alnost g03.

The calorific value of the gas produced in this experinent

hras not deternined. schlesinger (58) stated that the products fron

r. . .:.:..ii:.'..: i.:'.:-

7ô
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agricultural hrastes are in many respects similar since the vrastes are

cellulosic in conposition. For exalnple: rrthe gas has a heating value

of about 500 Btu per cu ft; there is sone oil and tar produced; and

the residue has a heating value close to that of the feed naterialfr.
From Table 4.1 of chapter rV, the heating value of gas produced fron
rice straw, hulls, and pine bark are respectively 662, 6L3 and, 472

Btu/ cu ft (5,890, s,4s0 and 4,200 kcal/cu n¡. Therefore, the average

heating value of s00 Btu/cu ft (4,4s0 kcal/cu n) rnay be applied to gas

produced fron oat straw under this experiment. Considering the composi-

tion of gas at 40% C0 and 30eo CHO, and the calorific value of C0, and CHO

at. 323 Btu/cu ft (2,820 kcal/cu n) and r,oL2 Btu/cu ft (9,000 kcal/cu m)

respectively (25), the calorific value of the gas produced will be at
least 433 Btu/cu ft (3,850 kcal/cu m), excluding the 30% of heating

value of other gases. This value is close to 500 Btu/cu ft (4,4s0 kcal/
cu n), reported by Schlesinger (Sg) .

(iii) The Quantiry of products Renaining

In this erperinent, products renaining after gas production

ceased were char, tar and oil." The quantity of tar and oil, collected
in the filtering flasks, were too small to rneasure under the conditions

of the experinent and the quantities of these products were, therefore,

not deter¡nined. The carbonaceous char of pyrolyzed stra$J remaining in
the pyrolysis tube, was weighed after each test. The volatile solids

content of the char was also deternined, according to Standard lr{ethods

(66) at a temperature of ssO"c (1,022oF) in a nuffle furnace.

Table 5.3 shows the quantity and percentage of char

remaining as well as the percentage of volatile solids present. The

values show that at the ulti¡nate temperature of 600 and zoOoF
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(315 and 37loc) of the process, the percentage of char remaining was

between 60 to 80eo of the original wêt weight and the percentage of
volatile solids ranged from 50 to 70eo of the char. Therefore, there was

a potential to obtain greater gas production had the ultinate temperature

during the pyrolysis been higher. rt is readily seen from Table s.3

that when rnore gas was produced less char and volatile solids remained.

(iv) Thermal Efficiency

fn order to increase the thernal efficiency of the unit a

heat shield nade of sheet netal in a seni-circular shape as shown in
Figure 5.1 was instalred over the top of the pyrolysis tube. The

opening at the lower part of the heat shield was left open to the burners

to heat the pyrolysis tube directly. To investigate the therrnal

efficiency of the systen, two tests were conducted without a straw

sanple loading. one test was with the heat shield, while the second

test was without the heat shield in place. The thernal efficiency r,¡as

rated by recording the tenperature rise versus tine, si.nce propane gas

for heat input was supplied at the sane rate. The results of the test
are shown in Table 5.4 and in Figure S.g,

(v) The Quantity of Heat Input and Heat Output

Table 5.s lists the quantity of heat input and output

in terns of volume of gas supplied and gas produced by pyrolysis. The

quantity of gas supplied and produced is based on the standard conditions

of 14.7 psia and 70oF (1.0S kglsq cm abs and 2loC). The heating value

of gases for this consideration are listed as follows:
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Gas Heating Value
Btu/cu ft

Source

Propane, CrH,

Methane, CHO

Hydrogen, H,

Carbon nonoxide, C0

Gas produced, (mixed)

2,509

1,0L2

325

323

500

Haslan Ê Russell (ZS)

Haslam Ê Russel (25)

Haslan € Russell (2S)

Haslam Ê Russell (2S)

Schlesinger (58)

For estimating the heat input, the heat consumed_fron the

beginning until the conmencenent of gas production was excluded.. The

heat input shown in Table 5.5 was determined by the amount of propane

supplied during the period of gas production only. The reason for this
consideration is that:

(a) it was not considered appropriate to cor¡rt the heat

consu¡ned fron the beginning rmtil the start of gas

production for interpretation of experinental results.
(b) if the system was operated on a continuous feed basis,

there would be no repetition in counting this amount

of heat input, which may be very snall.

Data show that for the ulti¡nate temperature of 600"F (gI6"C),

the quantity of propane supptied was 13.35 litres (0.47L cu ft), while

the quantity of gás produced was 14.40 litres (0.s0g cu ft). For the

ultimate tenperature of 700oc (371'c), the quantity of propane supplied

was 20.27 litres (0.716 cu ft), while the quantity of gas produced was

18.03 litres (0.637 cu ft). The heat fron the propane supplied was about

five times greater than of gas produced (2,509 Btu/cu ft > s00 Btu./cu ft
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or 22,325 kcaL/cu ¡n ) 4r4s0 kcal/cu m), and the quantity of gas input

and output h'ere almost the sane. These results were influenced by the

following factors:

(a) the ultimate tenperature of 600 and z00oF (316 and s7L"c)

in the pyrolysis tube was still low and, consequently, the amognt of
gas produced was comparatively Low

(b) generally, the pyrolysis is carried out in a cLosed furnace

syste¡n to avoid heat losses through radiation and convection" This

experiment was conducted in the open air except for the heat shield

provided. This shield was very inefficient and its effect was neglected.

Therefore, there was considerable heat loss in the systen, the ti¡ne

required to heat the pyrolysis tube was great, and much of propane

gas supplied for heating the pyrolysis tube h¡as wasted.

5.I.5 ConcLusion

Fron the results of this experinent on the pyrolysis of oat straw,

a nunber of conclusions can be drav¡n.

(a) Mechanical operation of the apparatus was satisfactory.

(b) Within the ulti¡nate pyrolysis tenperatures of 600 and 700oF

(316 and 371.'c), the yield of gas produced fron lsO gm (0.331-lb) of
oat straw was conparable to yields reported in scientific literature
for sinilar tenperatures. The swnmary of the gas yield is contained in

Table 5.2.

(c) Since the ultimate pyrolysis tenperature was still low and

the percentage of char remaining (60 to 80%) together with its volatile
solids (50 to 70%) was still high, there appears to be a potential for
an increase in gas yield, by increasing the temperature of the process.



(d) The gas produced contained about 30% methane and 40eo carbon

monoxide while the rernaining s0% of. the volume was not identified.
(e) Fleat input requirements were much greater than the heat output

potential fron the gas produced. The unfavorable heat balance can be

attributed to excessive heat losses"

(f) The review of literature indicates that pyrolysis of
agricultural wastes is self-sufficient in energy requirenents (5g).
Therefore, there is good reason to continue efforts to increase the

efficiency of pyrolysis as a means to recover energy from straw.

5.2 Anaerobic Digestion

5.2.1 General

The purpose of this study was to gain faniliarity with the

production of gas by the anaerobic process. An anaerobic gas production

and collection syste¡n was set up and operated to neasure gas production

from the digestion of straw. No atternpt rr'as nade to study the paraneters

affecting anaerobic digestion.

5.2.2 Apparatus

The laboratory digesters were four litres (0.14 cu ft) glass

bottles. One digester was loaded with chopped oat straw while the

second digester functioned as a control. Each r¡nit consists of one

digestion bottle, one gas collection bottle, and one liquid displacenent

bottle assembled in series as shown in Figure S.9.

A tap for the withdrawal of effluent was located at the botton

of each digester. Gas snaples were collected from an off-gas tube

inserted through the rubber stopper in the gas collection bottle. Both

digesters were placed into a r{'ater bath in which the temperature was
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controlled at 95oF (35"c). Each gas collection bottle was filled with
an acid salt. This liquid was a solution saturated with sodium sulphate
and treated with surphuric acid. The gas produced in the digestion

bottle was delivered and collected in this bottle. Gas pressure caused

the liquid to flow into the t iquid displacenent bottle and the quantity
of gas produced was equal. to the amor¡rt of liquid displaced for any

measured tine interval.

The liquid displacenent bottle was vented to the atnosphere and

served as a reservior to collect the liquid displaced fron the collection
bottle by the evolved gas. The quantity of liquid displaced was measured

daily with a graduate glass cylinder. Prior to use, the gas collection
bottles were calibrated and ¡narked to facilitate the measurement of the

volunes produced.

5.2.3 lvlaterial Used

(a) Straw: Straw tlseC for anaerobic digestion in this experiment

hlas oat straw obtained fron the same source as for the pyrolysis exper-

inent. The straw was chopped by a hammermill prior to placement in the
digester in the sarne manner as was done for the pyrolysis process. The

straw used for this erperiment had 6 .75% average noisture content, gf.ss%

average volatile solids and 3.5% crude protein, which was the same

content as the straw used in the pyrolysis experirnent.

(b) seed: A quantity of digesting srudge, obtained from the

North End Sewage Treat¡nent Plant in lrlinnipeg, was placed in one digester
and used as a control unit. A second digester was fed with straw and

was also seeded with a quantity of digesting sludge to provide a source

of nethane-forming bacteria. seed placed in the straw digester

represented 4.46% total solids content in the digester of which 4l.q1z
was volatile solids.
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s.2.4 procedure ;:: :';: :

The experinent was carried out on a batch (single-feed) basis.
The control digester $¡as loaded with 4.0 litres (0.14 cu ft) of digesting
sludge while the straw digester was loaded with 2,4 Lítres or 0.0g cu ft 

;..:.... 1(60u" of the total volume of a digester) of digesting sludge together with ,,.-;t,:,,','.ì.,:'

166.7 gm (0.96s-rb) of straw having a vorume of approxinately r.60
litres (0.06 cu ft). The feed sludge h'as nåxed prior to loading the

individual digesters so that each digester received a representative ,:,.r,,,.¡¡,,,.:,;,,,,,

volune of feed naterial . Straw was nixed with seed in the digester by 
r:r:"::::: ::':l':

:.:-:.: :.,::.,.:r,r:, , :;,shaking i¡nmediately after loading the digester with seed. ::: 

'i:,;,:,'::,':,,':,:,,

Seven days results were used for this fermentation. The quantity
of gas produced daiLy h'as record.ed throughout the digestion period.

lSamp1esofthedigestionmateria1werewithdrawnatinterva1stodeterminei

thepH,so]'idscontent'andvo1ati1eso1idsreduction.

,5.2.5 Discussion and Results

A surmary of the data observed during the seven-day period of
fernentation is shown in Tables 5.6 and 5.7, and in Figures 5.10 and 5.11"

Table 5.6 and Figure s.rO show the quantity of gas produced daily fron
the digesters while Table 5.7 eontain data on the anal.ysis of digesting
material

For the seven-day retention tine, the total gas production fron
the straw digester was 31.07 lirres (1.097 cu ft), while s.63 litres
(0.199 cu ft) were collected fro¡n the control digester. Figure s.lO
shows that under similar conditions, the digestion.process night
continue for 28 days in the straw digester and for ten days in the

control digester. The total quantity of gas produced throughout this
digestion period would then be 67.04 litres (z,s6z cu ft) fron the
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' ',-.,,strah¡ digester and 5.93 litres (0.209 cu ft) fron the control digester.
This is of course hypothetical and woultl have to be verified with further
studies. The potential gas production for the zg-day hypothetical

retention of 67.04 litres (2.3,67 cu ft) is equivalent to about 6.sT cu ft/lb
(0-41 litre/g¡n) of dry matter for oat straw. 

1..,.,,,,,,

A further investigation into the anaerobic digestion of straw on a
continuous-feed basis was later undertaken by the Department of
Agricultural Engineering at the tlniversity of Manitoba. rt was reported ,,, .,,.r,

:;.i:.:¡:.'
that a daily feed rate of 2-4 grans ¡o.ooss-rb) of straw to a straw 

1,,,::,,,,,digester yielded a maxinum gas production of 220 nI/hr (0.002g cu ft/hr) ::':r,:¡

while the straw control digester using the sane loading rate yielded a

gas production of 185 nllhr (0.006s cu ftlhr). Th.ese vatues show that
the potential gas production on a continuous-feed basis would be about

6.01 cu ft/Lb (0.98 ritre/gn) of dry natter for oat straw. 
,Adifficu1tyencor-nteredduringthisstudyinvo1vedthebui1dupof

astrawscunforrnationonthetopsurfaceofthe1iquid,sinceagitation

was not provided for mixing in the digester. This accunulation had the

effect of reducing gas production since the organic natter was not in 
::..¡:,::,.,

immediate contact to the nicro-organisns throughout the volune of the I ,'':l ,
' - _:.::: 

'

digester. Mixing by nechanical neans or by recycling the produced gas ::.:',:,,:

would probably increase the volune of gas production for any given

quantity of feed material.

s.2.6 conclusions i,',,i'.'';:,.,

rn this study, a single-batch feed of 166.7 gn (0.g6g-rb) of oat

straw in the digester produced sl.o7 litres (1,097 cu ft) of gas in a

seven-day retention tine.
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TABLE 5.4

Rate of Telnperature Increase

Tine

sec

Conditions Temperature

oF

69

590

653

79

653

661

669

7s6

787

809

0

630

810

0

s28

542

552

665

783

844

l. lVithout heat shield

2. With hear shield
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TABLE 5.6

Volune of Gas pro.lu.e¿ Fron Digesters

Day

Straw Digester Control Digester

daily gas

nl
accwnulated

¡n1

daily gas

nl
accumulated

ml

Start

I

2

3

4

5

7

0

5, 310

6,145

4,290

4,090

3,950

3,705

3,590

0

5,310

1 1 ,455

ts,74s

19,935

23,795

27,490

31, 070

0

r;605

L,l2S

880

660

565

480

510

0

1,605

2,730

3, 610

4,270

4,935

5,315

s,625
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TABIE 5.7

Analysis of Digesting Material

Description
Straw Digester Control Digester

Start. Tdays Start Tdays

pH

Total sotid *

Volatile solid *

7.0 - 7.s

* 4.46% 4.38%

* 41.43% 38.84%

*poorresults due to the difficulties in obtaining arepresentative volu¡ne of digesting material.
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CHAPTER VI

TECHNICAL AND ECONOMIC CONSIDERATIONS

6.1. Technical Asfrects

6.1.1. Materials Handing :::i

A great quantity of straw is produced annually in Canada. This
large tonnage of crop residue has been given consideration as a potential
renewable resource for conversion to energy fuel (71) . The values given ...:.

,i,.,.in Chapters rI and Irr are based on the assunption that all straw would :

.::::' be collected and brought to a processing plant. This assunption would :,',:1,,

not be realised since all available crop residues could not be used for
energy conversion (70). It is estinated that one_half of this crop

residue should be returned to the soil for fertility maintenance and ',

Ifurther that one-half ton of crop residue is required for each aninal 
Ihoused (13) in beef and dairy enterprises. This neans that not more than 
i

50 percent of the total quantity of straw produced annually could be

used in energy conversion processes. Moreover, there are najor problens
associated with the utilization of this quantity of straw. A prirne 

.,,,,,,problem is rerated to naterials handling which includes such factors as ' 
.

collection' concentration, transportation, storage, cost, labour, .,,,: ,'

envirorunental impact, etc. The author has concluded that veiy limited
studies relating to feasibility and cost (1s) of alternate materials
handling systems for straw have been completed. 

,,,.,.,.,.

Technicarly, colrection of straw is not a problem as it can be

collected using equipment which is already availabre (44). straw can

be collected frorn the combine by using a baler and the bales can be

stacked neatly into small or large storage pites. current farrn practices 
., ,.,,,,

result in u¡aste, first, by burning large areas of harvested stubblo, "' .
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and secondry by sinply leaving excess quantities of straw residue on

the land' McGinnis (44) introduced two possible solutions to the problen
of straw collection. First, there could be a financial incentive made

available to the farmer so that a reasonable profit could be realized
from straw collection" secondly, the clean Environment commission nay

prohibit burning oe 
""op 

residues which is currently enforced in so¡ne

states in the united states. The latter regulation would encourage the
farmer to collect straw and remove it from the fields even at very low

prices' The econonic collection and handling of stravr is a practical
problem and has to be solved as straul has to be used as a ra$¡ naterial.
some years ago, a comrnittee of representatives of interested manufactures

was used to pro¡note collection and to control the quality of straw used

for making strawboard in the united states (44) " This might be a third
approach to the problen of straw collection at the present time.
collection must be econonically feasible so that crop residues will be

available for processing. crentz (10) estimated that only about 20

percent of the total organic solid wastes generated in the united states
are available for processing for fuel.

concentration is arso an important problen as there are onry few

locations where straw is concentrated and stored to a greater extent
than several hundred tons (71). scattering of the straw available will
result in higher cost of corlection due to transportation, energy and

labour used. concentration of straw is not the same problem as in some

other agricultural practices where wastes are corrcentrated as, for
example, in the widespread use of animal feedlots for meat production
(70). In order to overcome the collection difficulty clue to the
concentration probren, stone (71) suggested chat the use of a light
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portable briquetting nachine which could be driven to the straw stacks,
or used in conjunction with a pick-up baler, would probably be the most

suitable method. Knight (sl) also reported that preliminary work has

been undertaken to$/ard the development of a transportable pyrorysis
system at Georgia Institute of Technology. The need for transportability
arise from the fact that rnany agricultural ¡Jastes are produced season-
ally and in widely diverse locations. By applying this concept the
transportation costs of the raw r./astes wourd be ninimized,

Transportation and storage would probably be a far greater problern
due to the vast quantities of nateriar required for processin g g4).
straw must be transported to the plants when it wirr be processed.

A mininun travel distance would therefore be preferred in order to
minimize the costs of transportation. straw is arso produced and

collected seasonalry. A rarge storage would, therefore, be required
prior to its processing. McGinnis (44) referred ro the possibirity of
smaller on-farrn biomass fuel generators proposed by Robertson and stated
that this would of course reduce the transportation and storage problems
but that only major centers could afford to get into the business" The

other solutions proposed by Knight (3r) and stone (7r), which have been
referred to' can be considered as possibirities for solving these
problems. rt has been proposed that the associated problens of the
collection and handling of the huge bulk of straw from fields to where

the processing is done courd best be sorved by pelletizing the straw (7s).
As for environmental impact, the colrection and handling of

straw would reduce the environmentar pollution probrem. It has been

common practice for many years to burn the residues from large areas
following harvest (aÐ, or to break the statl in some manner, windrow
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the residue, and then burn it. This practice is undesirabre as it
destroys rnuch plant food which should be returned to the soil (5) and

further the products of combustion are pollutants. It is also desirable
that some straw referred to as stubble be left standing after harvest.
This straw stubble provides protection against soil erosion and is
finally plowed back into the soil for the maintenance of its fertility.
However, this practice is not beneficial in all areas as it has been

found that this stubbre not only degraded the quality of regume hay but
also depressed its yield (40). yeck (7g) estinated that of the i90
¡nillion tons (35s million ntons) of dry matter of agricultural crop
residues generated annually in the united states, onry 2s million tons
(21 million mtons) were collected. This means onry about 5.9% of
agricultural crop residues were collected annually. He also stated that
in 1970 about 3-6 nillion tons (3.3 million mtons) of crop residues from

about 1.1 milrion acres (0.4 nirlion hectares) were destroyed by open

field burning for plant disease and insect contror. This practice is
already banned in some locations and alternate methods of destruction are
needed' Environmental pollution problems can be reduced by introducing
efficient collection nethods together with incentives for the farrner.

6.r.2.

':.i'

Potentiar energy in crop residues courd be utilized
by neans of direct burning, but the method is not. practical
reasons. Linitations on direct burning are (10);

(a) energy recovery by this means is not storabre,

and it has to be used as it is produced,

(b) calorific varue and the efficiency of heat energy

recovery is relatively low,

as heat energy

for many
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''; tt, 
'(c) the process ma)¡ result in pollution problems

because residues do not burn cleanly,

(d) the production of residues nay not be distributed

throughout the year and are, in fact, normally

seasonally produced. Therefore, the supply of ,,,,.,

residues may be out of phase with an energy

demand and residue storage wourd be essentiar, and

(e) sone ralir hrastes suchas manure cannot be stored 
,,',,,,.

for 10ng intervals, or it may require a larg" 
,,,,,,,.,,and expensive storage which is impractical . .,.,,1

' A closed or mininum weather protection shelter for
a high quantity of strav¡ is also inpractical.

organic residues are convertible into replenishable clean-burning, ',

.high energy fuels (70). rt is therefore desirable to convert resrdue, 
,intoforrnsofc1eanenerg.yfue1whichcanbeeasi1ystoredandefficient1y

utilized. storable clean energy fuel nay be in the form of a solid,
liquid or gas and wirl have a high heating value per unit weight (70).
The process of conversion, quality and characteristics of products for 

,,,,,.,,.:..:

different forrns of storable energy are different as shown in Tabre 6.r. . ,...
The chenistry of the conversion process is the most important factor ¡r':i':,'

that has to be investigated as a first step in energy recovery from

residues (2), Because of the growing energy shortage in the united states
complemented by demands for a clean environment, the Bureau of Mines t,:;t,:,;,',

of the united states Departnent of the rnterior has been exploring three
processes for converting vrastes into 10w-sulphur synthetic fuels. The

conversion Processes being studied are liquefication, hydrogasification
and pyrolysis (coking) reactions (2, 10, Z0). ,,.,,t,
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Liquefaction is a process by which organic solid wastes are
converted into fuel oil. This process was discovered so¡ne four years ago,

at the Bureau of Mines, as an outgrowth of research work with coal (10).
It was explained that the conversion was basically simple and that the
process was similar to one used for the conversion of coal to oil (76).
The process involves heating ce1lulose with carbon monoxide and water
which is converted to an oiI. By adding a catalyst such as sodium carbonate,
the oil yield is increased (2). It was also found the cellulose and

lignin, the nain constituents of growing platns vrere converted to low-
sulfur oil with faster reaction and completion than was coal. sirrce
cellulose and lignin are also the main constituents or oganic solid urastes,
they represent potential materials for conversion to oir by the sane

process' The process is affected by temperature and pressure with optinun
conditions ranging respectively from 300 to 3g00c ,572 to 7160F) and

2,000 to 6'000 psi (140.6 to 42L.s kg/sq cn), with a residence time of
approxirnately one-half hour (r0). Experinental results show that the
distribution of products from this process was greater than gs% (by
weight) fuel oil, while the renainder was char (see Table 6.1). The heating
value of oit produced fron nunicipar garbage was ls,000 Btu/rb (g,g00
kcar/kg) (10). The econonics of the liquefaction process, for exanple,
converting manure to oil' are quite elusive at present. rt depends on what
the cost of the raw materiars wirr be. Besides, its value wirr depend

largely upon the availability of low sulphur oil fron other sources (76) 
"

Hydrogasification is a thermal reaction between hydrogen and organic
solid wastes (70). The process converts h¡astes mostly into methane which
is the main constituent of natural gas and satisfies the heating value of
900 Btu/ cu ft (8,000 kcal/cu m) which is minimum pipeline standards.
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Although only a few wastes have been hydrogasified in the laboratory,
work done at the Bureau of Mines showed that solid wastes coulcl be con-

verted to methane and ethane at conditions considerably milder than those

of the sarne process for coal conversion. The process is affected by

temperature and as the tenperature is increased, the production of methane

is increased, while the production of other hydrocarbons diminishes 
"

Experiments showed that hydrogasification of solid h¡astes resulted in gas

production at 1r000 psi (70,3 kg/sq cn), transmission pipeline pressure,

and at L,022oF (550oc) . The distribution of the production was greater
than 95% (by weight) of high calorific value gas and the remaining was

char of less than 5% (see Table 6.1). Economic analysis of the hydro-
gasification process shows that the most inportant cost factors affecting
the process are the anount of waste available, its composition and the
price of pipeline gas in the area (70),

Pyrolysis is the process by which organic solid [¡astes are converted

into gas, oil and solid fuel. The process has been fully discussed in
chapters IV and v. The purpose of referring to the process again is to
note that solid fuel can be produced fron organic solids wastes " Fro¡n

the pyrolysis process, the distribution of products shown in Table 6.1
was 20eo fuel oil (by weight), 50eo of mediurn calorific value gas and 30eo

char.

6.2, Econornic Aspec.ts

An economic evaluation cannot be made solely on the cost analysis
of processing itself. The factors of materials handling and the price of
products¡ e.8., fuel, from other sources must be taken into the considera-
tion. Environnental impact is arso important and must be taken into
consideration. The following discussion of the economics of pyrolysis
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and anaerobic digestion are ¡nainly from the processing point of view, 
:

as other factors vrere previously discussed.

6.2.L Econo¡nics of pyrolysis.

pyrolysis, a technique used for solid-waste disposar, can be used 
,_.,,;,,,,,:to convert þrastes into solid, lìquid, and gaseous fuels without contri-

buting to environmental pollution (ss, s7). As there is only limited
information available on the cost of pyrolysis (s9), an assessment of its , :,: :

:. .: )-: :....

economic value is difficult. However, as a method of ulaste disposal , ., ',,,,¡i',

preliminary estimates indicate that the cost will be considerably less 1,,1:,,,r¡
:r.. 

..

than for disposar by other means, for example, ress than the reported
u.s. $3.00 per ron (u.s. $a.so per mton) for incineration (s9). Riddre
(53) referred to a report of Debelr and Richardson (1g7r) on the cost

I

conparisonsforso1id.wastedisposa1intheUnitedStates(exc1uding

collection) noted as following:
l(i) Connon dump U.S. $r.OO to U.S. $Z.OO per ron

(u.s. $r.ro to U.s. $z,zo per mron)

(ii) sanitary r;indfiu- u.s. $s.oo to u.s. $¿.oo per ton

(U.S. $s. so to U.S. $4.¿o per nton) ,,,,¡,, 
,,,

.., ,.,t ', . 
'l

(iii) rncineration u.s. $g.oo to u.s. $12.00 per ton 
,',,,..,,,:,,,;

(U.S. $e.SO to U.S. $tS.ZO per nron)
(iv) Pyrolysis u.s. $s.oo to u.s. g4.00 per ron

with by-products recovery.

Cu.s. $s.so to U.S. $¿.¿o per mton). ,',,:,,.',,,';

without by-products recovery, pyrorysis cost can be as high as

U.S. $tS.Oo ro u.S. g20.00 per ton (U.S. gt6.s0 to $22.00 per mton) which
is higher than the operating costs for incinceration. ïherefore, the
economics of pyrolysis is dependent mainly upon recovery of fuels (sg). ,:,:,,:-,:.,,.:-,
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An estimate of the cost of pyrorysis for different plant sizes are
given in Table 6'2' These costs are all less than the cost of incinera-
tion at U.S. $e.OO per ton (U.S. $S.SO per mton)"

TABLE 6.2

Cost of pyrolysisl

Plant size, tons of waste -,,.,1,.,;,:r,

per day (wet) soO 1,s00 z,soo s,000 ,., . ,,

Capital cost, U.S. $ rnillion 3.gZ 6.g5 9.6g 16.0 ',,.,i..,,':,,,:

.perating cost, u.s. $ per ton 5.7g 2.76 l.g7 r.zs

1

"h 
t;"illtff 

;lå:I,,ïf" "ll::1,,ïf"lI,_i: o: y": t.u,. Marerial s from urband'u Kurar sources", in proceeding_o:l_¡qþe Third Mineral w"rtu-ùtilizationS¡qp:-igl, Chicago, rrr

As a method of energy conversion, pyrolysis is thermally serf-
,isufficient from the gas produced. Energy availabre in the solid, riquid, . l

andgaseousfue1producedismorethanenoughttosupp1ytheenergy

. .- . .;..':-..;:required for the pyrolysis process. However, there are still many 
',.ll.:,l;,,unanswered questions concerning processing conditions, and products. ,.,,'.,,.;.,,'' 

'
These questions relate to yields from continuous plant operation, rnoisture
control in the pyrolysis zone, and the preference of the pyrolysis unit
design (56, 59) ' Garner and smith (1g) in discussing the cost of 

,,,.;.,;.;,,;,,,,,
'_::: 

,i..-..pyrolysing manure did not agree that the process had economic feasibility
and stated that rrPyrolysis cannot pay its way, and that a useful fuel.. . ,
oil, gas or coal....must be sacrificed to yield a product of presently
questionable conmercial valuen.
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6.2.2.

The anaerobic digestìon process, a technique which has been

practiced in municipal sewage treatment plants, has now come under con-
sideration as a ¡nethod for the extraction of useful fuel from farrn wastes.
The econonics of this process are sti1l difficult to discuss and to give
firm advice as its conditions vary considerabry. There are many factors
involved in estimating the costs of operating on anaerobic process.
These factors include local clinate conditions, initial material and

labour cost for the instarration, t).pe of waste invorved, sources of
' power and heat, prices of alternate fertilizers, the cost and availabirity
of alternate fuers, the size of the plant etc. The onry thing that one

can now give is advÌce as to the advantages and disadvantages of the
systens and refer to research work being ca*ied out (4, 2g, 24) .

The discussions on the econo¡nics of anaerobic processes are found
to be different fron various reports " The reports of Taiganides et al.
(74) and singh (62) give a positive discussion on the gas production from
agricurtural wastes. Taiganides et al . (74) reported in their study
on anaerobic digestion of hog wastes that ,on the basìs of a lo_year
amortization of 4% interest and a digestion temperature of 95oF (ss"c),
a marginal profit will be realized in hog operations producing about
10r000 hogs per year, under united states conditions¡,. singh (62) has
estimated the cost of bio-gas plant as shown in Tabre 6.3.

Based on the prant size of 100 cu ft/ð,ay (2.gs cu n/day) which
costs about u.s. $¿00.00, with the assumptions of 20 years depreciated
life, 6 percent interest, u,s. $t0.00 per year of miscerlaneous expenses,
singh suggested that the entire cost of installation, against the daily
gas production which is equivalent to about l.g litres (0,42 imperial
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gallons) of gasoline, is recovered within four years of operation. The

effluent which has been fully digested is also counted into the profit of
this evaluation as it is rich in nutrient value as a fertilizer. He

noted, furthermore, that the investment in larger plants will be ¡nore

economical as the installation cost per cubic foot of gas production

decreases with the increase in the size of prant, However, it is
renarkable to note that in both reports the cost of materials handling

e.g., collection, transportation, etc., was not brought into this
evaluation,

Opposing views to the above discussions can be found in the

reports of Batty (4) and Jones and Brown (2s). Batty stated that
anaerobic digestion of livestock manure may or nay not be justified on

the basis of fuel production alone, depending on the type of u¡aste, the
cost and availability of aLternate fuels, and that nany optirnistic reports
of nethane gas production from organic waste have been misleading. He

also claimed that the production of methane gas as a fuel is, at present,
not economicalry practical in nost instances. The report of Jones and

Brown (28) supports the above discussion in which they stated that 'the
investnent required to set up a prant sorely to produce methane gas with
all the necessary equipnent has not traditionally been a viable investnent.
Electricity, oil, and natural gas have been cheaper to buy, but the
position could changefr.

6.2.3

crop District No. s was used as a sampre area to consider the
economic feasibility of colrecting large quantities of straw to suppry

an energy recovery processing plant. From statistics gi.ven in Chapter II
and IIr, the acreage of cereal crops grown in this area is about



112

934 x 105 acres (s7g x 103 hectares) , The total quantity of straw 
' : " 'l

produced annually was. estirnated to be 1,94g.7 x lo6 tb (0.9 x 106 mtons)

containing a potential energy equivalent to ll.7 x to12 gtu (2.9 x lol2 kc.t).
The availability of straw was assuned to be one-ha1f of the total quantity
produced annually, i.e., about 974,4 x 106 (0.4 x 106 mtons). It was ,,i,,,..._,..,;:,,

also assumed that the prant wourd operate 36s <tays per year. The

quantity of straw that would be available for processing in crop District
No. 3 would be approximately 2.7 x tO6 t!/aay (1,2 x I03 ntons/day). The ,.::,;,,;,.,,.,,,

area of crop District No , 3 may be divided into two parts, each of which ¡:¡':r : : :i r.

tt. 
,::,;,:.:'could supply about 1.4 x ro6 t¡ of straw per day (0.6 x r03 mtons of ::::::::::,:::-;:

straw per day). The yield of straw could not be expected at this level
every year, Therefore, a pyrolysis plant having a capacity of 500 tons
(455 ntons) of r^raste (wet) per day nay be considered for installation 

l

in each half. This assumptÌon for processing capacity also makes it 
l

:possible to use the cost of a pyrolysis plant having a capacity of 500 
l

wet tons (455 wet ntons) per day, given in Table 6.1. Data show that
the capital cost is u.s, $s,sz x 106 and the operating cost is u.s. $s.zg
per wet ton (u,s' $0.s¿ per wet mton). These values hrere presented to
the Third Mineral waste utilization symposium, held in chicago, Illinois, ,'.'" ',:'',i't','.

rate of 10% and 36s operating days per year, the capitar cost and

operating cost rePorted in 1972 was projected to a 197s value of u,s.
$S.Og x t06 for capital cost, and U.S. g7.7g per wet ton (U.S. $A.s6 per :,,,,...;,.'-;,,'.,'.-.:

wet mton), or can. $7.70 per vret ton (can, $g.¿z per wet nton), for
operating cost.

The operating cost was estinated from the values given for the
pyrolysis of municipal refuse. Municipal waste has a higher moisture ,.,,,,,,,,.r., ,.
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content than straw and pyrolysis costs wirr therefore vary somewhat. No
infor¡nation on the cost of operating a straw pyrolysis plant was found in
the literature. Therefore, the cost data available for the pyrorysis of
municipal refuse was applied to a stra¡, pyrolysis prant in this anarysis.

The cost of corlecting and transporting straw from the field to
a central' processing sÌte was estimated usin g a hay stacking and baling
systen as alternate handling methods, The average hauling distance was
taken to be 10 niles. Handling and transportation costs were obtained
frorn the report on rrHay and Forage Harvesting Methods,, by Fries'n (rg)
and from direct comrnunications with farmers and companies. current costs
applied to the two handling systems follow:

(i) Hay Stacking Systep (Hesston StakF{and S0A)

(a) value of straw Can.

Cb) collecting and stacking Can.

(c) moving stacks a L0-mile

$ z.so per ron

$ S.ZS per ron

distance

Total

(ii) Baling Sys.tem (Mechanical üIagaon 1049)

(a) value of straw

(b) bating and stacking

(c) loading from a stack to

truck or trailer
(d) hauling a tO-mite distance

Total

Can. $ Z.eg per ron

can. $r+.os per ton

Can. $ Z.SO per ton

Can. $fS.OO per ton

Can. $ Z.SO per ton

Can. $ J.OO per ton

Can. $Zt,.Og per ron

The combined materiars handling and processing cost for the Hay
Stacking System is Can. $21.75 per ton (Can. $eS.gS per mton) while that
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of rhe baling system is can. $2s.70 per ton (can. $¡t.57 per mton).
Products obtained from the results of rice straw pyrolysis carried

out by the Bureau of Mines of the united states Departrnent of the Interior
are shown in Tabre 4.1. Data show that yields per ton of feed were

é,ggr cu ft (169 cu m) of gas, rr.0 u,s. garrons (42 Lifies) of oil,
60.3 u.s. galr.ons (22g Litres) of aqueous substances, and g00 rb (0.4
mton) of residue, The heating value of gas produced was 662 Btu/lb
(368 kcal/kg) or straw fed. Additional information on this experiement
was found in a report on rrEnergy frorn the pyrorysis of Agriculturar
wastesrt by schlesinger et ar. (sg) " This report gave the heating value
of rice straw, having the moisture content of 7,4%, as 60g0 Btu/lb
(3'380 kcal/kg) while the heating value of the residue was 7sg0 Btu/lb
(4'100 kcal/gm) of residue. rt was also stated that the potential heat
available in the products was 94eo of the energy in the dry feed naterial.

From the above information and Tabre 4,r, the total heat value
of the gas produced by pyrorysis together vrith the residue was 9.9 x 106

Btu/ton (2'7 x to6 kcat/mton) of feed. This quantity of heat is equivalent
to 57.1 Inperial galrons (259 litres) of heating oil having a heating
value of 19,1s4 Btu/lb (r0,6s9 kcal/kg) and a current serring price of
33.2 cents per rnperiar galrons in Manitoba. The value of the pyrorysis
products, excluding oil and aqueous substances, is estinated to be can.
$18.96 per ton (Can. $ZO.SO per rnton) of straw.

If the potentiar heat avairabre in the products of pyrorysis is
considered to be 94% of the energy in the dry feed, the total heat
available fron straw would be 1r.s x 106 Btu/ton (3.r x 106 kcat/rnton)
of straw. This quantity of heat is equivarent to 61.s Imperiar gallons
(278 litres) of heating oir and has a current varue of can. s20.s5 per
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ton (Can, 8ZZ,S9 per nton) of straw.

Therefore, the cost-benefit ratio based on the above consideration
is as follows:

Co.st-Benefit Ratio

Hay Stacking System laling System

(a) Based on heat value of gas
produced and residue.
(excluding oil and aqueous
substance)

(b) Based on heat vaiue of 94eo
o^f the energy in the dry
feed

I :0.87 1 :0.66

1 ;0.94 I ;0. 7l

From the econonic considerations related to materials handling and

pyrolysis, it is concluded that:

(i) A comrnerciar pyrolysis plant, under present conditions of
alternate availability and costs, would not pay its way when the cost of
strawco11ectionandtransportationtoaprocessingp1antareconsidered.

(ii) Potentiar energy from the process is competitive with the 
;

availability and price of fossil fuels. The economics of the pyrolysis i.:,,,.,,r,r,,'..,,
i. - r- ,:.'

process could change as the availability of alternate energy supplies .i;.,:j',,r,,.,
,. .',.'.,.,,. l'r,,,. ,become more restricted and as the cost for such energy increases

(iii) Investigation to reduce the high cost of corlection, concen

tration, and transportation of straw together with ways and means of
t- '.',tt."':" tt'irnproving the quality and quantity of energy recovery fron pyrolysis :,".'¡,1'..,'..r..,,

should be undertaken so that the cost-benefit ratio can be improved.
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CIIAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The discussions in this thesis lead to a nu¡nber of conclusions.

7.r Referring to the waste from cerear crop residues, the potentiar
quantity produced annually was estinated and converted to available
potentital energy as shown in Table 7.1" The table also contains the
quantity of annual energy consumption and the conparison percentage

between the annual energy consuned and the annual energy available. The

values shown are quite attractive but the problen requiring resolution
is how to transform these residues into a storabre useful energy with
high efficiency and at costs conpetitive with fuels from other available
sources.

7 .2 Crop residues or other organic solid r.r¡astes can be converted 
:

bio1ogica11yorchemica1l.yintostorab1eenergy.Frorrthereviewof

literature it was fourd that anaerobic digestion, a biological process,

has been practiced in sone cormtries to produce nethane gas fuel fron
farn wastes for the farn use. These countries include India, Taiwan, 

,,.,:,:,.,

Gernany, France, Australia, and south Africa. pyrolysis, a chenical 
',.1,r,,:,

PTocess, has also been attenpted as a method of converting organic solid 
':'::

I'vastes to useful energy. Considerable research work has been carried
out at the Pittsburgh Energy Research centre, Bureau of Mines, united

t:t.', 
rrl:tt'states Departnent of the rnterior. No large scale plants for the appti- ¡,:,''r',,,

cation of pyrolysis to the conversion of crop residues to energy have

been built and operated up to the present ti¡neo
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7,3 The econo¡nics of anaerobic and pyrorysis processes are still in
question as their design and operating conditions vary considerably.
Local cli¡natic conditions seem to be the nost irnportant factor among the
parameters affecting anaerobic digestion. The technical proble¡ns of both
processes are being investigated but the practical problens of naterials
handling probably represent the greatest problerns to be solved. collection,
concentration, transportation, storage, etc., are a¡nong those inportant
practical problerns. Economics, a problen that is still in question, is
the major factor that will deternine which sources and processes of
energy conversion will be used.

7 '4 Erperiments on the pyrolysis and anaerobic digestion of oat straw
produced resurts which are shown ínTabLe 7.2. The quantity of gas

produced by both processes was low compared to the results at Bureau of
Itfines' rn the pyrolysis erperiments conducted by the author, the operating
temperature under the p¡tolysis reaction was 10w. other researchers have
found that as the operating tenperature is increased there is a corresponding
increase in the volume of gas produced. The estinated total heat varue of
the gas produced in the batch systen experiment h'as less than that of the
gas used for heating the pyrolysis tube. This ratio can be inproved by
increasing the operating temperature and the thernal efficiency of the
systen. rn the anaerobic digestion experiment, the quantity of gas

produced was relatively low. However, the results of these two experi¡nents
are satisfactory in that they have demonstrated that energy recovery frour
cereal crop residues is technically feasible using either anaerobic diges-
tion or pyrolysis processes.
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7 '5 The produced gas fro¡n the pyrolysis process contained zs to s0%cH4' 32 to 48% c0, while fron the anaerobic digestion process it contained
52 to s6e" cH4, 44 to 4geo coz. The reuraining conponents of the gas pro_
duced were hydrogen, nitrogen and soneti¡nes traces of hydrogen surphideor other gases (62). r.lnder the conditions of research work at the
united states Department of the rnterior, Bureau of Mines, the cal0rific
value of the gas produced in pyrolysis ranges between 450 to 750 Btu/cu ft(4'000 to 6,700 kcar/cu m), depending on the organic materi ar pyroLyzed.
The carorific varue of gas produced fron rice straw was reported to be
662 Btu/cuft (5,g90 kcal/cum) (5g). rn rndia, the gas produced f¡om thebio-gas plant has a cal0rific value of about 600 Btu/cu ft (5;500 kcal/cu n)(62). rn conparison, the calorific varue of natural gas which has a

nethane content of g0% or greater, has a cal0rific value of 1,000 Btu/cu ft(8'900 kcal/cu n) (62). Bio-gas, even though its calorific varue is row,
can be burned directly in donestic appliances, as has been denonstrated inTaiwan and rndia' and processes for the renoval of carbon dioxide need notbe employed. However, carbon dioxide should be renoved to raise the cal_orific val'ue if the gas is desired as a fuer. for internal combustion

engines.

7.6 Finally, it is recornmended that;
(a) since both pyrolysis and anaerobic digestion p'ocesses pro_

vide methods for converting cereal crop residues into useful fuer that
research should be continued and e'panded to further investigate these
processes,

(b) a closed thermal system should be devel0ped for further
pyrolysis investigation to reduce heat rosses and thus increase efficiency,
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Cc)anaerobicdigestersusingcropresiduesassourcenaterial

should be equipped with an agitator to prevent the collection of residues
on liquid surfaces in the digesters, and

(d) concentration of straw in the for¡n of briquets, pellets or
other neans should be developed to facilitate the developnent of autonatic ,..,,,,,,

feeding systems and a continuous-flow process
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APPENDIX A

EQUATION FOR CALCULATING PROPANE GAS SUPPLIED1

Equation I

Sizing Factor x l,fax. Flow Metered Gas (SCFM*) = Max. Flow Air
Equivalent*x (SCFM*)

Equation 2

SizingFactor- I 
=

Flow Factor

Tz*T Pt*u
pGZ = specific gravity of gas to be netered

= 1.56 for propane gas

pGl = specific gravity of air (f.0)

TZ = absolute operating ternperature

Tl = 530oR or 294oK

P, = absolute operating plessure

P, = absolute presstre of standard atmosphere

I-Design specification, Brooks rnstrunent, Inc., ïatfield, pennsylvania 19440*standard cubic foor per ninure at L4.7 psia, ío;r-cilôã'tiiiä'cm abs,
21 oC)

**Max. flow air equivalent (lo0ø"¡ of meter size z, tube no. R-z-ts-c,stainless steel float material, = l6.l SCFM ¡Z.OO litres/rnin)
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APPENDIX , .. ,

ANALYSIS OF GAS PRODUCED BY PYROLYSIS OF STRAW

Four samples of gaseous products were colrected by water
displacement and anarysed by gas chromatography. At reast 13 different
cornponents $tere detected. Others may not have eluted from the colunn ,.,,,-,,,.

t¡nder our conditions. Two components, tentatively identified as carbon
monoxide and nethane, together account for 60 to B0% of the total peak

atea.
i'..:,].,,,:'.'

Analysis systems: Gas chronatography; Porapak T, flame ionization ' '::'::

lf in 
"-+^Àsâ-^- 

'..t, 
1detector, auto¡natic integrator for peak area deternination. colurn ,,i,,,,,,i

temperature. was g0oC.

Conments

The flane ionization detector will only detect components which i

',yield ions on conbustion; air gases, carbon dioxides, nitrogen oxides, 
r

) ..-.ammonia and water would not show up. 
,,

For any one cornponent, the peak area is proportionar to the i

'anount of material present. However, the ion yield wirl differ between 
.components' Thus calculation of cornposition on the basis of peak area i..i,',,.,.,,

is subject to eTror. correct values can only be calculated after all
components are identified

Eight to ereven peaks were fo,nd in the various sanpres. 0n the
basis of retention tines, which are characteristic of the conponents,
these peaks represent at reast 13 components. 0thers may be present in
amounts too s¡nall to be detected and sorne nay not have eluted from the
column at the operating temperature.
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Positive identification of the various peaks could be done by
running the sampres through a number of different columns before and

after treatnent with specific adsorbents and oxidizing agents etc. A

quicker route would be the use of combined gas chromatography and lvlass

spectronetry. The chemistry Department (Dr. J.B. westmore) has an

instrument which should do the job.

Notes by Dr. lV. Woodbury
Plant Science Departnent
University of Manitoba
July 18, L974.

Note: At Least some samples should be collected dry since short chain
alcohols and aldehydes are quite soluable in water.
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APPENDIX B (conrinued)

Peak Area of Various Components

Retention TÍne

Sec

Sample No.

4

20

24

36

78

89

99

L40

752

180

2t0
255

290

350

189,331

131,563

39,4tg

56,955

58

L,657

23,917

29,492

6,057

7,577

s45

s7,2gg

44,499

89

I 1 ,465

I g, 060

27,842

9,726

I ,391

677,465

422,525

466

s2

94,216

69, l4g

81 287

gg, 1 g3

I 13, 616

20,130

31,390

3,159

9,670 3s6

12,022
66,g7g

3L,674 1,067

Total Area 494, 900 170,714 L,424,459 2SO,023

Components at 24 and J6 seconds
and- nethane, respectively.
On basis of peak area thêse twogas detected.

are probably

constitute 60

carbon nonoxide

to 80% of total
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APPENDIX B (conrinued)

Gas as Percent of Total peak Area

Sample No. Average

L234

Carbon monoxide Sg.g SZ.2 4Z.S 57.6 39.0

I'tethane ZZ .L 24 .g 29. S ZZ .6 ZZ .s

sum þercent of total.) 6s.9 sT.L 77.0 6s.z 66.3 i;.,,'.


