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ABSTRACT

Hog and d,airy cattle wastes were digested anaerobi.cally

in intermittently-mixed. units at two retentlon times, 10 and.

15 d.ays. Three levef.s of organic load.ing, 0.15u O"2O and 0"25

pounds of volatile sol-id.s per cubic foot digester volume per

d.ay were applied" Temperatures for d.igestion ranged from 32

to 52o c. The treatment response vJas measured in terms of
volatiLe soJids reductlonu decrease in chemi-cal oxygen demand

(col¡ and in gas productÍon. 0ther parameters measured were

volatil-e aeids, gâs composition, arkarinÍty as cacQ, organic

nitrogen and ammonia-nitrogen, 0ptirnurn yield.s of methane

vrere attained. at a Loading rate of O.25 1b.Vs/ft1/aay at |.ZoC

for both type of wastes. However, for dairy cattle manure,

lower yields hrere noted "
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INTRODUCTION



INTRODUClTON

The explosive growth of power technology in the last
two d,ecades accounts for much of the j-ncrease in energy consumpîion,

It has been estimated (1) that by the year 2OOO the annual- unitecL

States requirement for energy in a1l. forms is expected. to double

that required at the present iime; the v¡orld.wide demand. is
expected to triple.

I{odern society is almost tota}ly dependent on non-

renewabl-e fossil- f,uel-s in the form of natural gasu petroleum

and. coal. Various estimates have been made as to the date when

known reserves of fossif fuels r,,¡i1l_ be depleted (1). The

consensus of opinion seems to be that within 30 years we will
have consumed almost all fuels of this type. Two possible
alternatives to fossil fuel-s are indicated, nuclear energy on

one hand. and, secondâTy, a more effectÍve use of renewabl-e

biomass as an energy source 
"

rhe development of por¡/er from nuclear processes i-s

proceed.ing at a much sl-ower rate than was anticipated ten years

ago. Prospects for power generated by nuclear fission reactions
have encountered. considerable opposition from environmental-ists
who are concerned with the proper disposal of highly rad,ioactive
wastes inherent in this mode of operation" power generated by

fuslon reactions woul-d provide a much cleaner method but curr:ent

progress in control-l-ed fusion technology ind,icates a d.elay of



ZO to 50 years before this form of power generation is practical-,

Besid,es, nuclear processes are al-so O.ependent upon a'limited

quantity of non-renewable resources such aS uranium, thorium

and plutoniun which carr al-so be d,epleted, over certain period, of

years.

The united states is currently experj-encing an ener8y

crisis and,, being largely dependent on imported fuels, i.e.

oil- and. natural Bâsr is entering a critical period." Recently,

interest has truned toward" the use of renewabl-e biomass as a

fuel source. The list of materials normally considered as waste

prod.ucts that can be converted to or consumed as fuels is very

broad, ranging from sawdust wastes from lumber mill- operations

to livestock residues from agricultural and food industry

operations. It is the latter category of livestock wastes with

which this clissertation is concerned.

At the present ti¡ne, livestock waste production in

the United, States al-one has been estimated' at 1"7 bill-ion tons

annually ( Z) . this immense quantity has created. an important

and costly problem in terms of hand,ling, treatment and disposal.

Current practice for d,isposal of thÍs material- usually involves

its dispersal, without further treatment, as a fertilizer over

agricultural- l-ands" A considerable portion of the constituent

hydrogen in these wastes is lost to the atmosphere through

microbial decomposition and assimilation activities in the

amended soil-s. This represents a loss of energy which, in light

of the continental energy d.eficit position can ill- be afforded.



For a consicerable period. of tine in Europe and in

Asia animal wastes ha-¡e been treated. on a small scale by high

rate anaerobic digesiion as a means of recovering a useful fuel,

methane, and, for conserving if not enhancing the subsequent

fertilizer va1ue. It has been estimated that one ton of farm

animal wastes yÍel6s approxirnately 50 to 60 cubic meters of

gas with a 55 percent methane content at a cal-oric value

equivaÌent to 10 imperial gallons of gasoline (5). With the

annual amount of animal- wastes currently dlsposed of in the

United. States u approximately 17 bil-lion gallons of gasoline

or its equivalent in heatlng fuels could be recovered " In

light of the energy imbalance, this figure is not insignificant

and. methane gas prcduced in this hlaJr could. form an important

alternative to reo-uce ihe d.epletion rate of current reserves

of fossil fuels until- such time as controll-eä fusion energy

prod.ucti-on beeomes practical" Concornittant with methane pro-

d.uction by anaerobic d,igestion, the sludge resid.ues remaining

retain their nutritive values aS fertilj-zers and.u in some

cases, the conversion of organic nitrogen to an j-norganic

form as ammonia improves the residues in terms of their

fertilizer efficiencY.
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HISTORICA],

Methane prod,uctlon by the anaerobic digestion of

farm animal- wastes and. compost materj-als has been practiced

for a number of years, As early as 1895u a Donald Cameron in

England, collected methane gas prod.uced by his rcarefully

designed.t septic tank and used it for street tighting in the

vicinity of the plant 1n the town of Exeter (4) 
"

lord lveagh, in 1919-192Ou on his personal interest

and initiative, built five digesters in several d.ifferent

localities in England. for the prod.uction of methane gas (5) 
"

Brieflyu these primltive digesters each consj-sted of a strong

metal cyclj-ndero 28 feet high and 16 feet in d-iameteru with

a heating device in the bottom, a paraffin engine for the

mixing of the slud.ge and a gas coll-ection chamber" The gas

produced was piped to nearby d.wellings for use in cooking.

The digester built at Pyrford'o England' in 1929 operated' for

a number of years with a minimum of attention, When fully

loadedu the digester held 165 cart-l-oad's of manure suspend'ed'

in lOO0 gallons of water" Daily gas prod.uction was approximately

45O cubic feet with a l-oad. retention time of six months for

each 16 cart-loads of fresh manure. This was bel-ieved- to be

one of the first d.omestic methane producing plants in the

world but because littl-e was und-erstood at that time about the

optimum conditions necessary for efflclent methane production,



the maximum yields of cornbustible gas theoretfcally possible

for the loading rates used. were never aitaÍned"

Apart from its use as a cooking fuelu methane gas

produced. by anaerobic fermentation has al-so been used as a

fuel for heating farm build,ingsu for drying grain crops and

for the prod.uction of electricity by thermal generating plants ( 6)

Schmidt et al (f) in 1951 used digester methane as a fuel for
farm tractors and other equipment, In this case u the gases

evol-ved Ì,ùere stored und.er 50OO psi in large tanks from which

supplies were provided as requi:zect to 2840 psi pressurized

fuel tanks fitted to each tractor" I{ore recently in Eng}and (B)

d.igester gas produced from chicken manure has been used,

successfully as a fuel for automobiles.

Operation of single farm-scale digesters is underway

in India and in Ta-lwan. fn India, the Gobar Gas Research

Station in Ajitrnal, Etawah (U.P") has designed hog and. poultry

manure d,igesters suitabl-e for operation under Indian ellnatic
conditions (9). In Taiwan under the supervision of the Chinese-

Amerlcan Joint Commission on Rural Re-construction, 6000 farm-

waste digesters have been constructed ( to) " These produce

nethane which is used, primarily as a fuel for cooking" fn
view of the moderate oceanic climate of Talwanr r€sid.ual heat

lost during the cooking process provid-es for heating the

snall dvreliings. 'After fermentation, the residual sludge

provid.es an id.eal substrate for the growth of a Chlorella



species, a unicell-ular al-gae rich in proteins and vitamins.

'rhe a1-gae crop is userl as a suppl-ement to feed rations for
poultry and hogs" rt has been reported that such practices
provide savings of up to $1000 NT " per month 1n the farm

operation and u moreover, the market quality of the poultry
and hogs has been improved.

In the lighi; of the successful Taiwan operation,
several advantages of anaerobic fermentation of farm wastes

are obvlous. According to Schmid.t (f) these are: onee mechanization

of manure handling is encouraged; two, weed seeds and animal

parasites are destroyed d-uring digestion; and three, loss of
nitrogen and fertitizer values from rav/ aanure is marked,ly

reduced. These ad'¿antagês, together with the methane produced

as a fuel e are usuall-y sufficient to provide for the recovery

of total capital eosts of the d.igester instal-l-ation within
10 years. Taiga.nides et al- (1962) estimates that a hog producer

averaging about 10000 hogs per year can increase his profit
significantly by the ultilization of combustibLe gases

produced by manure digestion while at the same time largely
el-iminating the odour problem associated with operations of
this kind (tt¡ 

"

Despite the increasing use of anaeroblc digestersu

the fundamental- microbiology of the process is still- not

well und.erstood " McKinney (12) has commented that anaerobic

d.igestion is tthe enchanted wil-d.erness of sanitary engineeringr 
"



(

Buswell (11) ancl Barker (t+) in the mid-1950?s descrj-bed the

process as a two-stage fermentation" The fÍrst.stage consists

of hydrolyses of organic materials with the production of

volatile acid.s and, alcohol-s and- is catalysed by a heterogeneous

group of microorganisms that are largely anaerobic or mlcro-

aerophil-ic saprophytes. This stage is referred. to as

liquefaction and is characterized by the rapid proliferation
of a mixed microorganic population relatively insensj-tive

to changes in environmental anC chemical- conditions (t5).

0?Shaughnessy in 1914, reported that the acid-formers in

slud.ge fell into severaL groups that included, coliformso

proteus speciesu denitrifiers, lipolytic and celfufol-ytic

bacteria ( t 0¡ while Hotchkiss in 1924u ind,icated the presence

of denitrifying, albumen digesting and HrS producing bacteria

in slud.ge 1t?) " Ruchhoft et a1 (tS) ind.icated. the presence

of d.ifferent proteolytic bacteriao such as gelatin liquefiers
and protein digesters. Hungate in 1950 isolated. strains of

cellulolytic bacteria in pure culture that were present in
anaerobic digesters ( 19) " In stage two which is referred-

to as gasification, volatlle aeids produced. during the

primary stage are eonverted- to methane and. carbon dioxide

by a group of highly oxygen-sensltive methanogenic baeteria (ZO).

According to 0ookson et al (21), the nethanogenie bacteri-a

belonged to the genera Flethanobacterium (22,23) , Me-thanococeus (Z+)

Methanobacill-us (25), Metþanosarciaa (Zø) u and Clostridiun (Zl) 
"



These organisrns are slow-growing and are extremel-y sensitive
to changes in pì{ and temperature (zg) " Accord.ing to Mccarty (zg)
the methanogenic population represents the key organisms in
the overal-} digestion processe i"e. the gasification stage is
the rate-limiting one in the process. Under unbalanced digester
conditions' rnethane producing organisms which use carbon dioxide
as a terminar electron acceptoru do not remove the vol_atil_e

aeids as quickll' as they are formed- by the prirnary population
group. This aeid coneentration build.-up may take place very
rapidly and leads to a precipitous drop in pll wlth a consequent

failure of digester operation (30¡,

laboratory investigations of the anaerobic digestion
of livestock'øastes seem to have begun only in the last decade.

Taiganides et al (tl) in laboratory studies concluded that at
a temperature of 35oC with continuous mlxing of reactor conients
hog manure was satj-sfactorily digested at a load.ing rate of
o,20 1bs volatil-e -solids1 (ot) per cubic foot digester,.

lnhu volatile solids measurement is conventionallv
adopted by sanitary engineers for the determinatiänof combustible sol-id material-s in anaerobic slud_ee
and waste v¡ater" rt is donç by igniting the samll_eto a constant weight at 550'c aftèr evaporationusing an electric muffle furnace. l,he io=s of weightis reported in terms of pounds of volatile soLidsper cubie foot of the sample 

"



capacity per day" The average yield of gas per pound of

volatile solids in the digesters ranged. fron 7"8 to 10"3 cllo

ft" per day with a composition of methane (Sgy¿), carborr

dioxide ( +O:¿) and trace amounts of hydrogen, hyd.rogen sulfid e

and. oxygen "

Similar investigations have been carried. out at

the Rowett Agricu'ìture Research Institute, Aberdeenshire,

Scotland where Hobson (¡t) has operated- hog-manure digesters

at 35oc with a loading rate of O "216 lbs" of vol-atll-e solid.s

per cubie foot per day usi-ng a retention time of 14 d.ays.

'Ihese experJ-ments indicated a reduction of 56% in bÍological

oxygen d.emand (¡Ol), a 37% reduction in chemical oxygen demand

(COl¡ and a reduction in total- sol-id.s in the infl-uent organi-c

material of 26%" Under these conditions, the digester gave

no indieation of fail-ure and it may be concluded. that maximum

loading rates had. not been attained., The effluent produced

is more stable and l-ess odorous than the original ¡naterial

and could. be discharged to domestic se\¡rers" Gas prod-ucti-on

showed. a 70% methane content with the remainder being largely

carbon d.ioxid e .
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}IET}IODS AND J\TIAIERIAIS

APPARATUS

Anaerobic digestion of hog and dair.y cattl_e manure

v/as investigated using six l_aboratory-sca.}e d.igester units
each consisting of three 4"j l_itre bottles as shown in Fig" 1

These were maintained. in a deep water bath whose temperarure
$¡as control-led by a thermoreguÌator,

Gases evolved. in the digester unit were collected
in the gas collectj-on bottle by displacement of water which,
in turne v¡as coll-ected. in the reservoir. prior to use" each

bottl-e was callbrated a.rrd marked as to volume 
"

COI,],ECTION 0F RAWJLAIIUF.E SAI\ipiES

HOG IVIANURE

Raw hog manure r,,ras col-l-ected nonthly from the
Glenlea Research Station, Unlversity of Manitoba, which

is located some 1j nriles south of winnipeg, Manitoba on

Highway "15. To ensure representitive samplesu the manure

was wel-l mixed prior to its removal by pump from the holding
pit. The collected waste was diluted with tap water to yield
a sluruy of approximately ten per cent total sol_ids by weight.

DAIRY CATTIE HANURE

About 12o pounds of dairy cattle manure was also



Fig. 1. Experimental d.igester system"
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obtained from the Glen]ea Research Station. The v¡aste wes al-so

d"iluted. with tap r.¡ater to give a slumy having a total- sol-ids

content of 10 per cent by weight,

Volatile solids content of each menure type-was

d.etermined in triplicate according to the Standard l'!ethods

for the Examination of Water and Waste Water (32) . Then,

the waste sl-urries $/ere stored at 4oC until required in

f ive-gall-on pol-ypropylene containers f itted with sclîew-caps 
"

OPERATION

Initially, the digesters were seeded rvith approximatel-y

four l-itres of d.igested. domestic sludge obtained from the

l,¡o. 10 d.igester at the l'iorth End it/aste Disposal Treatnent

Flant, City of Uinnipeg. Digesters were accl-imated, at a

corrstant temperature of 12oc until gas production, pH and

alkalinity (as calcj-um carbonate) were constant.
7

loading rates of O " 15 , o .20 , ,O .25 ]b. /VS / ttt /aay

and retention times of l0 and. 15 d,ays were arbitrarily sel-ected

for this study. The four l-itre capacity digesters were fed

daily with a mixture of tap water and manure in proportion

tn r¡'io'lrl +ho desired. loading rates and retention times" AnJ rv¿u

equal- volume of digested manure was removed prior to each

feeding. Because of the 1arge, s€ttl-eabl-e solid.s content

of the wastes under study, homogenization by means of a

blend.er was necessary before the materials were fed lnto the



digesters s

Temperatures selected for the d.igestj-on operation

covered. the upper Level- of the mesophilic range and the

l-ower level- of the thermophilic range. lhese were arbitrarily
selected as 32, 37 u 42, 47 and 5zo}" The initial- tenperature

used in the study was 12oC.

Once equilibrium was establ-ished after each J-oadingu

analyses were carried out at regular interval-s. Equilibrium

conditions were based mainly on the constancy of gas production

(as rn1. gas/gm. VS d.estroyed/¿ay) and on the pH value measured.

When an equilibrium state r¡ras reached, the digester temperature

was raised to the next highest value selected. and analyses

were again carried out cnce equilibrium at the new temperature

had been reached,

Measurements of pH, COD, NH,-N, organic-Nu volatile
acids and gas composition vrere routinely taken d,uring the

course of this study. The total d.aily volume of gases evolved

was also recorded." Di-gester contents rrere mj-xed mechanj-ca1ly

three tines daily on week days and once on Sundays" Prior

to each samplingu digester contents were thoroughly mixed

to provide homogeneity of samplee

SAiViPITNG AND ÀNAIYSIS

Obtaining representative sanples of the digester



1/1

material- required careful sampling techniques. Because of
the extreme heterogeneity of suspended particles j-n terms

of size, a thorough mixing of the contents was imperative.
uniformity of sample proved to be quite difficul-t to attain
and- some of the variations noted in the analyses data likery
reflected this difficulty.

the various chemical- analyses noted. above were

carried out in accordance with the procedure outl-ined in
standard lviethods for the ExamÍnation of water and. r,{aste

Water (lZ¡ " Since the digested nanure may be subjected

to further changes, i.eu a gain or l-oss of carbon dioxide
when exposed to the air during samplingu pH, alkalinity
as calcium carbonate and free ammonia content were measured

without delay"

Þlethane content of the evolved gas v/as determined

us5-ng a Pye Series 104 chromatograph fitted with a flame

ionization detector. separation and identification of
methane was provided. by a 3/16" eight foot stalnless steel
column packed with Porapak R. Nitrogen at a flow rate of
20 ml./min" was used as the carrier gâs, coLumn temperature

was maintained. at 27ot:" '
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RESUI,TS AND D]SCUSSION

SOi\,18-CHIIqICA]j CIJARACTTRISTICS OF }iOG AND IAIRY CATTLE }IAI{UFE

some pertinent chemical- characteristics of hog and

dairy cattl-e manure are summarized in labl-es I and II respectively'

When vo]atile sol-ids concentrations in both type of wastes are

eou¡1 - thev exhibit similar chemical oxygen demand-e percentage
v Yse!

of vol-atile solid.s and. alkalinity. Hog manure, hov¡ever, contains

approximately six times the amount of ammonia nitrogen and twice

the organic nitrogen content as compared- to dairy cattle manure '

Differences particularly in ammonia nitrogen are

quite significant in terr.ls of digester operation" High

ammonia values tend to create an unfavorabl e alkaline environment

arrrl . ìf âs ã conseo-uence of primary fermentation acti-vity,9¡¡9,

ammonia values tend to increase even further, the failure of

the secondary phase methanogenic process is likel-y (73r14'35) ,

SOIV'D PHYSICAL ATTIIIEUTT'S CF .DIGESlXD MANURE E}AT'IUE}TT

Properly digested hog and d-airy cattl-e manure efffuents

were black, thick free-fl-owing liquid.s with little offensive

odour. As such, they can be disposed of by field application

as a fertifizer without creating an environmentaJ odour

nuisance or may be stored temporarily in farm bu-1}di-ngs

without the gas problens often associated" with the storage
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of fresh manure (3e¡ 
"

voI,AlILE SOLIÐS ANÐ COl RIDU-CTIONS

The percent red_uction of volatile solids in hog

wastes $Ias good when compared to that obtained, in digestion of
domestic wastes (31) . The highest reduction observed, 76

percente v¡as obtained at an operating temperature of :-zoc

with a loading rate of 0,15 1b. vs/tt3/aay during a 15-day

retention peri-od as noted in Fig . 2a" Simi-lar data have al_so

been reported by Gramms et aJ ( ¡g) " For dairy cattl-e waste u

the percent reduction in volatile soLÍds \{as conslderably Iower,

28"6 percent, for the same temperatureu load-J-ng rate and

retention time, Fig" 2b.

These da.ta suggest that rates of volatile solids
destruction are critically d.ependent on the rate of digester
loading, For hog nanure, for exampler ân increase 1n loading
rate of 0 " 1 lb.VS/f t3 / day ef f ectlvely d ecreased volatil-e sol-ids

red.ueti-on at iToc from 44.8 percent to 40"3 percent in 1j days"

Similar decrease j-n volatile solios reduction wlth increasing
load,ing rates were evident for cattle manure digestion as

noted. in Fig . 2b.

Increasi-ng the retention time in the digester gave

a correspond-ing increase in volatile solid.s destruetion as

might be expected" An increase of five daysu for example,

resulted. in volatile sol-ids d.estruction some 10 percent greater



'lo

in the case of hog vrastes and a 2 percent inerease 1n the

case of cattl-e manure " Again , these find,ings support the

observations reported. by Gramms et al (38).

Àt retention times of l-0 and, 15 daysu there was a

substantial- increase in volatile solid destruction for both

hog and d-airy cattle manure as the digester temperature vras

j-ncreased form 3zoc to 42oC. With a further temperature

increase to 47oC a slight d.ecrease j,n vol-atile acid d,estruetion

was noted- but as the digester temperature was increased still-
further to 52oC a marked increase in volatil-e solids destruction

v{as observed " This phenomenon has been reported by other

investigators (39, 4ou 4i, 42, 43) and will- be d,j-scussed

in detall- in the l-atter part of this section.

The reJatiorrship of temperature to the reductj-on

of COD at d-ifferent loaoing rates and retention times for both

types of wastes are shown in F1g, Ja and.3b. Again, a marked

difference is apparent between hog and. dairy cattl-e vrastes as

was the case for vol-atile sol1ds reduction. Hog wastes

d.igestion at 52oC gave the naximum COD reduction of 60 percent

at a loadlng rate of O.l-5 lb.v S/ft1 /Uu, for a 15 day retention

time whereas with dairy cattle waste und.er these conditions

reached a COD reduction maxium of 20"2 percent" Similar

resul-ts have been reported by llobson (31) " In both casese

COD reduction increased. with retention time and decreased with



Fig" 2a" Percent volatile solids red,uction as a function of
temperature in hog manure digestiono solid rines
indicate 15-da}' retention time; dotted r-i-nes indicate
10-day retention time

Units I and Z have 0.15 lb,VS/ft3/aay loading rate"
Units J and 4 have O,ZO lb.Vs/ft3/day loading rate.
unÍts 5 and' 6 have o.zj rb,vs/ft1/aay loading rate.
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Fig. Zb 
" Percent volatile sol.ids reduction as

of temperature in dairy cattl_e manure
Sol-id l_ines indicate l5-day retention
l-ines indicate 1O-Cay retentron time 

"

UnÍts I and 2 have O"l5 lb"Vs/f t3/aay
Units 5 and 4 have O,20 tb.VS/ft3/a^y
Units j and 6 have O.Zj tb.Vs/ft3/a^y

a functi_on

digestion.
tÍme; dotted

loading ra.te.
loading rate.
loading rate 

"



2I

3A

e
R
e
N
H

K

H
Êej

Nq

#
@

,6øv sa gr- Eæ qr w

wnif â
,ownif !

wnif 4
.N,'

-ru,nif 3.-' /

,4 .Ð-

7A

-Ðwnif 5

- TEMPËffiÁTUffig *&



k l æ Á^r4óo )do Percent ccÐ reduction as a function of temperature
in hog manure digestion" solid rines indicate
15-day retention tinre; dotted l-ines indicate
10-day retention time"
Units l- and 2 have 0"15 lb,Vs/f t3/a^y loading rate.
Units 3 and 4 have O"20 lb"Vs/f t3/aay Ìoading rate.
Units 5 and 6 have e_Zj lb.VS/f t3/aay loading rate.
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Fig" 3b. Percent CCI reduction as a function of temperature
in dairy cattr-e manure digestion. sor-id rines
indicate Ì5-day retention time; d.otted l_ines
indicate 1O-day :,etention time,
Units I and 2 have O"I5 lb.VS/f t3/eay l_oading rate"
units 7 anð- 4 har're o.20 lb.vs /tt3¡¿u, l0ad.ing rate,
Units 5 and 6 have O"Zj lb,VS/ft3/aay loading rate"
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increasi.ng loading rates"
noted at 47oc.

Retardation of COD reduction was

Alkar-inity, pH and volatir-e acids are accepted
parameters for practicar_ contro] of the anaerobic d.igestion
(32, 44). These three factors however are interdependent
and their effect on the process of anaerobic digestion witl
be discussed together" usually, the pH of the contents of
a digester depends on the relationship between the vol_atiLe
acid and alkal-inity" The mai_n volati]e acids produced. during
d,igestion are aceticu propionic and butyric acids (10) which
provide the hyd'rogen ions for the reductlon of carbon dioxlde
in the system. on the other hand, the alka11n1ty of an
anaerobic digester is a measure of the buffering capacity of
the digester contents" 'rhe principal form of al_kalinity in
an anaerobic digester of this type is bicarbonate" Bicarbonate
alkallnity is developed in these d.lgesters by the reaction of
ammonia with carbon dioxide and water to form ammonium

bicarbonate (Tj, j4, 35u 4j) " This natural- production of
alkalinity provides aïr essentiar- buffer whichu in most
digestion systems, holds the pH in the desired range of 6.8
to 7 "2. A high alkalinity is therefore considered to be an
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indication that the systen is safeguarded against pH fluctuation
while a 1ow alkalinitir suggests that sudden increase in vol-atile
acid,s may have 1ov¡ered the pH to such an extent that biolog:ical
acti-vity is impaired (iO¡. I'iuel-l-er a! al- (46) and pohl-and (+l)
emphasized the need for a balance between alkalinity and vol-ati1e

acid.sconcentration for normal waste digestion and implied that
variations in pl1 occurred only after the volatll-e acids-al-kalinity
bal-ance had been disrupted, It has been stated. recently that
if the ratio of volatile acid (expressed. as mg"/l-itre acetic
acid) to total alkalinity (expressed- as mg"/litre caco3) was

lower than 0"8, unbal-anced conditions in a digester are indicated
(++) 

"

Ihe relationship of alkalinity to temperature at

various loading rates and retention times for hog and d,airy

cattl-e wastes digestion are ill-usirated 1n Figs. 4a and 4b

respectj-vely" As shovm in these figures, alkalinity increased

with increasing 1-oading rates, retentj-on times and temperature.

In dairy cattle manure digestionu for exampleu at a 10 day

retention time with a temperature of 32oç, alkalinity increased

by approximately 15OO mg"/litre as CaCO, when the loadlng rate

changed fron 0"15 to o "?5 l-b"vs/ft3 /uu, (pis, 4b) , As the

temperature was raised. from j2 to 52oc, al-kalinity increased

almost by a factor of 2"5" An increase in retention time by 5

days also increased the alkalinity by an average of 3OO mg./litre
as CaCOr"

The rel-ationship between alkalinity and. loading is
of great importance to the operation of these digesters " Since

a substantia.ì portion of this alkalinity is in the form of



-þ'ig" 4a. Alkalinity as cacoS as a function of temperature

in hog manure digestion. Sol-id l-i nes ind icate
15-dáy retention time; dotted l_ines indicare
10-day retention time

Units 1 ano 2 have O"l5 1b.VS /tt1 ¡6^, loadÍng rate.
units J and. 4 have o.20 lb.vs/ft3/a^y Ìoading rate.
units 5 and 6 have o"zj rb.vs /tt3¡6^, loading rate.
./
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Fig" 4b" Alkalinity as cacc3 as a function of temperature

in dalry cattle manure digestion. Solid l_ines

indicate f5-da¡¡ retention time; dotted lines
indicate 10-day retention time 

"
7Units l_ and. Z have 0,15 lb.VS /tt'¡¿^, load,ing rate,

Units 3 and,4 have O.2O l-b,VS /tt1 ¡6^O loading rate.
Units ! and 6 have O.Zj lb.VS /tt3¡6^U loading rate.
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Itì æ E^I róo )Oø pH as a fnnction of temperature in hog manure

digestion. Solid lines indicate 15-day retention
time; dotted lines indÍcete 1o-day retention time.
Units l- and Z have O,f 5 tb. vS /tt3 /aay l_oad ing rate 

"

Units 5 and. 4 have o.20 lb.VS /tt3/aay loading rate.
Units 5 and. 6 have O.Zj l-b.VS /tt3 ¡6^O loading rate"
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!'ig. 5¡, pH as a fu-nctioyr of temperature in dairy cattl_e

manure digestion. SolÍd. lines indicate 15-day

retention time; dotteo lines indicate IO-day

retention time

Units 1 and ?- heve O ,15 ]b. VS/f t3 / aay load ing rate .

Units J and 4 have O.20 lb.Vs/ft3/Aay loading rate.
7Units 5 and. 6 have O.25 lb.Vs/ft'/day loading rate.
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ammonium bicarbonare (33, 34, 15) u there is a potentiar problem

of ammonium toxicity, lriccarty and McKinney (35) reported that
the free ammonia concentration increased with increasing pH

and that L5o mg./l-itre of free ammonia produced a toxic con-

d.ition in the ciges'ters. This did not occur until the pH

reached val-ues of pH '7.6" However, the ammonia is related not
only to PH, but also to the total ammonium ion concentration.
Thereforeu when digesting wastes at high loading rates and.

long retention time u it is possible to build, up ammonia

concentration to toxic level_s"

Along with the increase of alkalinity which parallels
increases in loaaing rates, retention times, and temperatures,

the pli of the digesters i-ncreases correspondingly, Fig.5a and

5b" The pH of the hog waste d,igesters ranged- frorn 6.7i to r "4o
(rig. 5a) whereas the dairy cattle d.igesters had pH values

ranging from 6,75 to 7"7 at various loading rates, retention
times and temperatures" Tn general, the pI{ of both waste

digesters was under control and was within the range recom-

mended for optima-r d.igestion of d.omestic sludge (37).
The hog waste digester had volatile acids content

ranging from 2O4 mg,/l-ltre at 3ZoC to 1450 mg"/litre at SZoC

(¡is" 6a), rt u¡as indicated. clearly from the graphs that
retention tj-ne had a very large effect upon the vol-atile acids
concentration in the digesters. For instance, ât 4ZoC, Unit
5 with a 1O day retention time had a vol-atil-e acids concentration

of 975 mg"lti-tre as Cli^COOH. Howeveru Unit 6 which had

5, with 15-day retentionthe same loadine rate as Unit



Fig " 6a, Volatile acids concentration as a function of
temperature in hog manure d.igestion" Solid l_ines

indicate 15-day retention time; dotted lines
indicate 10-day retention time.

Units 1 ano 2 ]neve 0.15 l-b"VS/ft /aay loading rate.
Units 3 and 4 have 0.20 lb.Vs/ft /auy loading rate"
Units 5 and 6 har¡e O,Z5 lb.Vs/ft /aay loading rate.
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Fig. 6b. volatile acids concentration as a function of
temperature in dairy cattle manure digestÍon.
Solid lines indicate 15_day retention tÍme;
dotted fines indicate lo-day retention time
Units l- and 2 have 0.15 l_b"VS/ft3/Uu, loading rate"
units J and 4 have o " 20 r-b. vs/f t3 / aay Ìoading rate .

Units 5 and. 6 ha,¡e O .Zj ]b "VS/f tj /auy loading rate.
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timeu had a volatil-e acids concentration of 47O 'r'g./Iitre,
indicatlng that an increase of I days in retention

time red.uced. the volatile acids concentration approximately

twice.

Results showed- that vol-atil-e acids concentrations

increased with increasing loading rate and temperature" A

simiL.ar phenomenon had been reported, by other investigators

(29, 45). The explanation suggested. is that at high load.ing

rates and- temperaturesu the acid formers whieh are more

numerous and. more metabol-ica1ly active than the methane formers u

were prod.ucing volatile acids faster than the methane formers

coul-d convert these intermed.iates to methane and carbon dioxide.

This accumulation of volatile acids may lead. eventually to a

d-rop in pH to such an extent that the d-igestion process is

impaired. Further, while the exj-stence of excessive amounts

of volatile.acids in the digester is, in ltsel-f, not harmfu1

to the microorganisms, it tend.s to establish a condltion in

which the volatile aej-ds are converted. into their salts resulting

in salt toxici-ty ard thus retardation of the fermentation

process (1¡) .

AIViMON]À AX]D ORGATT]C }T]TROGEN REIATIO}{SHIP

The rel-ationship of ammonia-nitrogen and organic

nitrogen concentrations against temperature are presented, i-n

Figs " 7a, bu and 8â, b respectively.



Iig" 7a" Ni{<-N concentration as a function of temperature)
in hog manure digestÍon, Sol_id lines indicate
15-day retention time; dotted l_ines indieate lO-riav

retenti_on time.

Units 1 anC 2 hatre 0,f 5

units 3 and 4 have 0"20

Units 5 and 6 have O"25

7
af 

^ 
, 

^, 
) t -J-b.VS/ft- /day loading rate,
7-l h ]¡c /ç+) /,7o., ln¡rìin.o retørvèYa/Lv /(l-al
7-t 'Ì. rrq /++ r / s ^.,¿vo v vt LU | \ral ]-oad.i ng rate"
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Fig. 7b. tüH3-l{ concentration as a functj_on of temperature
in dairy catt]e manure d.igestion" solid r_ines
indica-te l-5-da)' retention tinie; dotted lines
indicate 10-day retention tine.
Units I and Z have O " 15 lb,Vs/f t3 / auy loacì.ing rate 

"

units 5 and 4 have o.20 r-b. v s/ ft3 /u^, l0ading rate.
units 5 and 6 have O"Zj lb.VS /tt3 ¡¿u, loading rate"
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¡'ig . Ba 
"

0rganic-lt: concentration as a function of temperature

in hog manure digestion. Sol-id lines indicate
15-day retent j.on time; ootted l_ines indicate
10-day retention tirrle.

zunits l- and. 2 have 0.15 l-b 
" 
VS/ ft) / day load ing rate 

"
7Units 3 anð- 4 have 0.20 l-b.VS /tt'¡¡^t loading rate.
7units 5 ano 6 have O.Z5 lb"VS/ft)/aay loading rate.
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llr.crcnin-r.r nnngg¡lyat.iOn aS A fUnCtiOn Of temneratrlrcr 4iav vrur¿ vr uçr¡rPç! @ vu! (.

in dairy catile manure digestion. Solid l_ines

indicate l5-day retention time; dotted lines
indicate 10-Cay reiention tine.
Units I and 2 have 0,15 lb.VS/f t3 /aaV loading ra-r;e,

7
Units 3 and 4 have 0.20 l-b.VS/f t' / d.ay load ing rate.

'z
Units 5 and 6 have O.25 lb"Vs/f tt /ð.ay loading rate.
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Data indicated. that the accumulation of ammonia-

nj-trogen in the oigester is associated. with the d,ecomposition

of organic nitrogen mainly in the forms of protei-n and urea in

the waste" -A.ccord.ing to Toerien e_t al (+a¡, this decomposition

can be represented in general terms by the equation:

COHNS :------+ CO Z + HZO + CH4 + NH, (r)

0rganic nitrogen ammon]-a-n]-rrogen

The ammonia-nitrogen thus produced reacts with carbon dioxide

to form ammonium bicarbonate.

COZ + HrO + NHr----------à *n4* + HCOr- (2)

The l'îH,' and HCO-,- remain in sol-ution and contribute to the+)
alkalinity and the bgffering capacity of the substrate (45) 

"

In both hog and d,airy cattl-e waste digestlonu the

rate of accumulation of ammonia-nitrogen and the decomposition

of organic nitrogen was parallel with j-ncreases in loading

ratesu retention times and temperatures (¡igs, 7a, b and Sâ, b)

For example, in hog manure dlgestion at 4ZoC, Unit 3 had an

ammonia-nitrogen concentration of 510 mg"/l-itre whll-e Unit 5

t-., /-. \ -, . .had, 670 mg,/Iitre (FiS"'la). This ind.icated that an increase

in load,ing rate of 0"5 1b. VS/ft "3/duy increased the ammonia-

nitrogen concentration by approximateÌy 30 percent, Also u

Unit 4 which had a 5-day longer retention time than Unit 3,

show a correspondingly higher ammonia-nitrogen concentration"
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At thermophilic temperatures ( 5ZoC) , in boih hog and

rta.i r.r¡ .-attle 1^¡2stp ¡i¡restion thp âmmnni:-nitrnrrprt eOnCentllati;On
J -* - -- - rfiGÐ UC Ur6UU v¿v¡I t vi¡u

was very much higher than that at mesophilic temperatures "

Si mi-ì ar nhenomenon have been reported. by other j.nvestigators

(¡t /ã\ anonrains to Goul-eke (+f¡, hÍgh ammonia production
\tf , 't)/ o õvvv!ur¡lb

associated with thermophilic digestion is due to the more

complete break d,ov¡n of proteins'

GAS PRODUOTICI:I AI{D lIETI{ANT COJV]PCS]TION

Gas production frorn hog manure digestion ranged from

41 .O to -:O4"1 ml-"/Sm"VS d,estroye ð,/Aay, or 7 "73 io 16"8 ft'/1b.VS

destroyed/aay (fig. 9a) . The slud.ge gas contained approximatel-y

57 to 60 percent methane (l'ig. 10a). These data are simil-ar to

those reported by other workers (lf,38), Taiganides et al- (16)

repor-r,ed that at 37oC the average gas yield per day per pound-

of vol-atile solid.s ad.d.ed to the digesters ranged from 7.8 to
710.3 ft) with a methane content of approximately 59 percent.

The dairy catt]e wastes gas production ranged from

26 .5 to 89.9 mI. /gm. VS destroye d/ð'ay, or 4.2 to l-4.5

ft2 /;-.b.VSd,estroyed/day (FiS. 9b) at various temperatures u

retention times and- loading rates" the methane content of the

r'as in this eâse ransefi from 51 to 68 percent (¡ig" lOb), which
b*" r¡r

was normal for domestic slud.ge gas (37) " fn general, these aTe'

in agreement with those reported, by Gramms et al (;e¡.

It was obvious from the results that gas production



Fig,9a. Gas producti_on , mI . ,/gm. vS d.estroyed/day as a
function of temperature in hog manure digesticn.
Solid l-ines j_ndicate 15-day retention trme; dotted
l-ines lndicate l_O-day retention time 

"

Units 1 and Z have O.15 lb,VS /tti/a^y loading rate"
Units j and 4 have O .ZO lb.Vs/f t3 / a^y toad.ing rate .

Units 5 and, 6 have O.Zj lb,Vs/ft1/aay loading rate.
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Fig" 9b. Gas production, mJ../gm. VS destroyed/day as a
function of temperature in dairy cattfe menure

digestion, Solid l-ines ind,icate 15-day retention
time; dotted l-ines indicate 1O-day retention time.

7
Units I and 2 have 0"15 lb.VS/tt'/aay loading rate.

'2

units j and 4 have O.2O lb.VS / ttt / aay load-ing rate .

7Units 5 and 6 have O"25 1b.Vs/ft'/day loading rate.
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¡'ig. 10a "
Percent methane as a function of ternperature in

hog manure digestion" Sol-id l-ines indicate l-5-rlay

retention time; dotted l-ines indicate 10-day

retention tirne.

Units 1 and 2 have 0.f5

Units i and 4 have 0.20

Units 5 anð. 6 have O,25

7
l-b,VS / tt' / aay l-oading rate,

7
l-b . VS / tt' / aay 1o ading rat e .

7
l-b 

" 
VS / ttt / aay loading rate 

"
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Fig" 10b" Percent nethane as a function of temperature in
riai rv eattl e nanlrre rl i ¡¡pstion. solid. lines Índ.icate., -*
15-day retention time; doited lines indicate 10-

day retention time.

Units 1 and 2 have 0.15

Units J and 4 have A.2O

Units 5 and 6 have O.25

7--^ , ^, ) t -l-b.VS / ft- / day loading rate .

lh lfq/f+/ /,7o-, -l nar]inrr ref of UoYJf IV /\IAJ ¿vsu!¡t6 rsvuo

lh rrq/f+J/Ào.r'l n:¿ìincr r¡taJUovÐlJ-V /LLaJ Jvuurr¡ó ¿suç.
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and its methane content increased with temperature, load.ing
rate and retention timeo (¡ig.IOa, b, 11a, b) from 32 to +ZoCu

but decreased slightly at 47oC" However, at jZoC, gâs production
again increased vgry considerably. rn hog manure digestion,
for exampÌe, the amount of gas produced at jZoC þ/as about
2"5 times greater than that produced at 3ZoC. Similar resul_ts
were also noted for cattl-e waste digestion, 'rhis phenomenon

is common in domestic slud.ge digestion (4t, 42, 43) and. will
be considered in detail_"

GENERAI TFFECT CF TEMPERATURE O}i ÄNAEROBIC DIGESTION

The reactions taking place in these anaerobic d.igestion
aTe a result of the activlty of a most heterogeneous population,
the effect of temperatureu therefore, likely i_s a reflection
of the behaviour of bacteri a at different temperatures ( 4e¡ .
Goleuke (+t) and Mal-ina (+z) reported that three temperarure
ranges exj-sted for the anaerobic digestlon process; a thermophilic
range above 45o Cu a mesophilic range of 2a to 45ocu and a psychro-
phil-ie range below 1ooc" rn each of these temperature zones,
a d,ifferent group of bacteria predominates ( 4g) . Therefore,
a particular population can thus be described as psychrophilic,
mesophilic or thermophilic depend,ing on the temperature region
in which optimal growth is obtained." Any drastic changes in
temperature in the digester may impair the activity or may even

be lethal to the component microorganisms" Generally, however,



I'ig. ll-a. Gas procluction in litres/aay/q l-itres sludge as

a function of temperature in hog manure digestion"
Sol-id lines indicate 15-da¡' retention tine; dotted

Iines indicate 10-day retention time "

Units 1 and 2 have 0.15 ]b.VS /tt1/auV loading rate"
7

Units i and 4 have O.2O l-b,VS /ft'¡6u, loadlng rate.

units 5 and 6 have O.25 lb,VS /tti /au¡ loading rate.
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Fig. ll-b. Gas prod.uction in litres/ aay / 4 l-itre sludge as a

function of temperature in dairy cattle manure

d.igestion" Sol-id lines indicate 15-day retention

time; dotteC l-ines indicate 10-d"ay retention time.
7

Units .r a.rrcì 2 have 0.15 lb.VS / ttt / aay load ing rate.
7

units 3 and. 4 have 0,20 l-b.VS /ft'/aay load.ing rate.
7

Units 5 and. 6 have O,25 l-b.VS/ft'/d.ay loading rate.



46

K
d

ffi
\å
%
\
À.

ffi

ffi
&

&

R
þ

.F&

ffi

@//

---t^- t-
-ß'

:K--¿-¿-ø--

@

./

auffiif 5

wni* 4

/a#/nit &

#,ni& æ,

-.øwffiit 
f

/,/,r
-¿þ---

r€-MpåffiATURË *ç



/1'7TI

one might expect a sel-ection mechanism woul_d occur io favor
organisms that find the new temperature to be optimum.

Fron the results obtained, it was apparent tnat
there was a retardaticn of methane fermentation at the upper limit
of the mesophilic range, As previously in,iicated, the

rate of methane fermentation j-ncreased steadily from 32

to 42oc" This may be due to the fact that 37oc is the optimum

temperature for most members of the mesophllic group. How-

ever, ât 47oc, there was retardation in volatil-e sol-ids

reduction, gas production and methane content. The reason

for this is not cl-ear, but it is thought that at this
transition zone between mesophiric and thermophllic popur-

ations nei'uher mesophil-es nor thermophil_es fl-ourish and

consequently digestion will- be slow and unsatisfactory (+Ð 
"

The sharp increase of rnicrobial_ activity fron
aì^

47"c to 52"c indicated that another population of bacteria,
probably thernophilic,became established. in the digestion
process" There was a significant increase in gas production,
volatile soli-ds reduction and methane content (¡ig " 2arbu

9au b and 1lau b). This is likely due to a more complete

digestÍon of organic material- at the high temperature (+l).

ECONQMICS OF RECOVERY OF ENERGY FROM HOG AND DÀIRY CATÎIE WASTES

In hog waste digestion, the average gas yiel_d per
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day per pound. of voiaii1e solíds fed. ranged from 7 "7 to 16"8
7

ft.' (¡'lg. 10a). Ànalysis of the gas evolved. showed a methane

content of approximately 60 percent " [he heating value of

the gas was estimatea to be 57O BTU/ft"J. Cn the basis of

these data, and on averaged hog manure compositionu the

heating value from the d.aily waste can be calculated.'

It has been reported that a hog of average weight

produces approximate-ry 1"1 pound. dry manure per day (+g)

which is equivalent tô 0,95 pound of volatile solids, Granting

that the ¿igester is operating at 37oC with A "25 1b. VS /tt "3 /a^V

loading rate and 15 d.ay retention time, the amount of gas

produced woul-d be 545 ml-/gm VS destroyed/dayu or 8"8 n.3/ltb"
VS destroy eð./ð.ay (Fig. 10a) . At such yield.s, the heating value

of the daily waste frcm a hog is calculated to be 8,8 x O"95 x

57O = 4500 BTU" This val-ue agrees with that reported, by

Taiganides et al ítl)"
In the same wãYu the heating value of the daily

waste from dairy cattle is estimated to be 31 uO00 BTU per

animal,

Results indicate that the fertilizer value in terms

of ammonia increases as a result of anaerob-ic digestion

(pig " -la, b), The wastes are initially rich in organlc

nitrogen 1n the form of urj-neu amino acids and proteineous

material. These nitrogeneous materials are degraded to

ammonia by saprophytic .bacteria during the fermentation.

In ad.dition to phosphates and trace elementsu raw manure
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contains a relatively high nitrogen content though in a form

not directly avail-abl-e as a plant fertilizer . Àfter mineral--

ization and solubilÍzation d.uring the anaerobic digestion

processe the nitrogen is converted largely to ammonium bi-

carbonate, a form more directly usable by plants" Its

fertilizer value accordingly is enhanced. In Taiwan, it is

reported that the digested manure is being ultillzed. as

fertilj-zer to prod,uce Ch]orell-a. a unicel-l-ular algae with

a high nutritive value for animal feeding (tO) 
"
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Anaerobic digestion of livestock waste is a conplex

phenomenon rnainly -beeause of the large differences in digestible
material normall-y available and because of the heterogeneity

of the bacterial population" .A.s such, the picture of each

individual biochemical- nechanism is often obscured. As a

resul-t u quantitative chemical- analyses relat j-ve to the inter-
mediate and final- prod,ucts of digestion are routinely used as

artificial eriteria for the evaluation of digester conditions.

Al-1 the chernical characteristics are directly or indirectly
dependent on each other and no one of these characteristics
alone can adequately represent tire conditions of tne digester.

Based on the resul-ts obtained, digesters operating

at a temperature range of 37 to 42oC is recommended., Ihe

rate of volatile solid reduction and gas production at 42oC

werer r€spectively, 10|+6 and 2OO% greater than that at SZoC in
hog waste digestiono Fig, 2a and. 9a. Similar results were

also observed in dairy cattle waste digestionu Fig " 2b and 9b.

.A.lthough the quality of the gas in terms of methane content

and the quality of effluent sludge was better at 5ZoC than

at mesophilic temperatures in both wastes dlgestion, the amount

of heat energy required to maintain the digester at that

temperature is not consid.ered, economically feasible (40¡,
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Results also ind.ica'r,ed that anaerobic d.igesters

for dairy cattl-e v;as-Le may be loaded. at rates of O"25 lb.VS/
7

f.t)/day with retention times as short as 10 days v¡ithout

ind.ication of digester fail-ure. Howel'er, anaerobic d.igesters

for hog mânure shou-ld not be l-oaded at rates greater than

O "25 lb"VS/f t) /aay and shoul-d have a retention time between

15 to ÌB days for good reduction of vol-atile solids and. COD.

Higher loading rates may result in accumufation of ammonia

which i-s de-urjmental- to the ciigestion process 
"

Statistics in June 1969 indicated that there were

l-,019,000 cattle and 6l-2,000 hogs in I'ianito'oa ( +ç) proCucing
î7

approximately 10' pounds of wet manure dai1y. Estimation of

recoverable energy fron this renev¡ab1e bÍomass through

anaerobic digestÍon is shoivn j-n the data belov¡:

Estimated heat rlnt:'l onÞYrrr\¡
l-ive sto ck
population

êr.ìÞr-o\/ fv.nm
Àri'lrr r^¡qqto
per head

cr2qñl inp*
pnrrir¡a'lo¡i\,Yq¿

Hog

Cattle

6l-2 u000 4,500 BTU

1,019,000 31,000 BîU

2 "75xro9 BTU

l.l-6xlolo¡tu
1" 41"

2 ,3xLo4 Imp " Gal.

xCalcul-ation i-s based
gal I on o f gasof i-ne on
of heat energy (lO¡ 

"

on the assumption that one imperial
complete combustion yields l-20r0OO BTU
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Approximately 1 "3+ x I O'"BTU o f heat energy in the

forn of meihane gas is theoretically recoverabl-e from the

dai.ly waste of hog a-nd cattl-e in lvlanitoba" this is a

tremendous amount of energy and together with equally large

amount of energy from poultry vrastes, represent a significant

sour ce of energy.

Anaerobic digestion applieo in the trea.tment of

mani einal and. domestic Sewage has been practiced. for rnany
v+f\4*

years. Anaerobic treatrnent of animal wastes has been studied

in recent years. epplications with significant gas recovery

àr.e annarentLv snceessful ín Tailvan, India and. parts of Europes! v ayyu! v¡r vrJ

In Taiwan, it has been confirmeC by personal communication

that 6000 units are operating successfull-y" this development

has been the result of a programm sponsored by the Joint

Chinese-American CommÍssion on Rural Re-construction. It

i-s predictabl-e from the present estimation of experimental

result that a significant amount of recoverabl-e energy from

the daily l-i-vestock waste in Manitoba would make it feasibie

for future large scal-e operation of anaerobic d.igesters for

the treatment of livestock wastes. Ànaerobic d-igestion not

only provid.es an effective means of reducing the pollution '

potential of these very large quantities of l-ivestock wastes

produced. daily, but also provides a possibl-e alternative

in lieu of fossil_ fuel-s in the forthcoming years.
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