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ABSTRACT

Thre suitability of hog wastes frcrn a ¡4anitoba hog raising

operation as a substrate for anaerobic digestion was s¡a}¡ated with

laboratory digesters. The digesters were operated at 35oC wittr

once a day feeðing and withdrawal at different loading rates arx1

retention times "

Prornising results were obtained with digesters operated on

the se¡:arated solids (fecal) portion of the nìanr-rre. Average daily

gas yields of 10 cubic feet per pourd of volatile solids destroyed

(624 J-í+.;res per kilogram) $lere obtained at a loading rate of 0.15

pounds of volatile solj-ds per cr:bic foot of digester per day (2"4

grams per litre per day) a¡d a 15 day reterrtion time" Analysis of

the gas shcn¡ed an average methane content of 68?.

Iaboratory digesters operated on representative sanples of

rr6ürure frcrn the fa:roaring barn failed witl¡in a short period of time.

Soaps and detergents i¡r ttre wash water prasent in tJ:e nanure frcrn

the farrowing barn were not tLrought to have interfered significantly

with the digestion process. Signs of d.igester faj-Iure, acconçnn-ied

by high M3-N levels were q¡ident in all digesters operated on nttnures

containing appreciabJ-e quantities of urine. Annonia n-itrogen' tÌrere

fore, was tþought to be a prime factor in gnsuccessful digester

operation.

TLis thesis crcvers laboratory and literatlre research work

done at t.l:e University of l4anitoba during the periods Septenben 1971

to July L972 and January L974 te June 1974.
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]." INTROTXJCTION

1" I M{ERAL

There are approxirnately seven rnillion hogs on farms in Canada (1) 
"

Each hog produces roughly ten por:nds (4.5 kilograms) of rnnure per day

u¡flich ne¿¡ns about 7 x LO7 pounds (3 x 107 kilograms) of Lrog manure aïe

produced in carnda daily- Fortlz to fifty percent of this rnanr:re, by

weight (wet basis), is fecal rnatter; ttre rsnaj¡der is the liquid portion,

or urine (2) " Ttre basic feed for hogs ccnsists of barley, oats, vùteat,

c€ïn, peas and rapeseed to \^ùLich vitarnins, proteins, salts and mi¡rerals

have been added. ftre hog's ðigestive sys@n is such t}rat a large ¡nrb.:Lon

of ttre feed passes thrcugh witlrout being netabolized and a rnanure high

in proteln and digestable nratter is produced,. After ¡nster:rization th.is

manu.re may be successfully fed back to the animals as a feed supplerent.

Metlrods of treating and/or dis¡nsing of hog wastes to reduce

thej-r polluting ¡rctential and large quantities are direct land dis¡nsal,

aerobic or ar¡aerobic deccnrposition (often follcn¿ed by land d.isposal) ,

ard incineration. Hog wastes rûay be rich i¡ ferEllizing cor¡stitr¡ents,

but untreated hog wastes spread on fields rnay drai:r into underground

and surface water bodies and contrih:te to tl¡e water ¡nllution problen

(3) " Incineration as a method of treatnrent is costly.

Sources of energy for our present way of life are rapidly

decreasing. Our civilization is dependent on fossil fuels and hydro

pov¡er for industrial, conmercial ard dcrnestic puq)oses. !{e have pro-

gressed to such a stage tÏlat our entire way of life would be changed

if or:r sources of energy were sr:ddenly cut off . Water por^ier is not an

e>çendable ccnnpdity as fuel- resources are' but it is limltæd. Fuel



resources are being depleted and subsLlü.rte fuels or ns,v energy

productj-on metlrods rmrst be for:nd before our non-reneçrnble enerqy

sources are extausted (4) 
"

The anae:¡obic digestion process as a method of treating hog

vrastes has beer¡ evaluated by several researchers in the search for

alternative sources of energy and fue1, and as an efficient and pro-

ductive means of ôisposing of the large guantities of ani¡al wastes

being produced each year.

Ttre rnany adwantages of th-is methrod of waste treatrnent have

encouraged its use in treating fa::n wastes (3):

(i) tlre organ-ic content of the waste nay be reduced

by 40-50 ¡:ercent or rÐre;

(ii) tLre waste is wel-l stabilized ar:d needs little or

no furbher treatnrent before final. dis¡nsal;

(iii) ttre digestæd waste has no offensive odor;

1iv) rodents and fl-ies are not attracted to the end

products of d.igestion;

(v) the fertilizing constitrrer¡ts of tLre raw waste are

consen¡ed, and tlre fertilizer value of the digested

solids is at least equal to tlnt of the raw waste;

(vi) cornbustible, ccnrnercially valuable gases are

produced dr:ring the process.

Ttre adirantages offered by an anaerobic treatnrent q¡sten along

$rith the benefits avai1ab1e frcrn tlre methrane gas produced can offset

the capital and ope::ational costs for a properly equipped d.igester.



L.2 HISTORICAL

Ttre a¡aenobic sludge digesti-on process is well knor¡in and widely

practised in nn:nicipal søøage treatnent plants. I¡bthane production

from tlre anaerobic deccrn¡nsition of farm aninal wastes, althcugh in

its i¡rfant stage i¡r lücrtlr America, has been practised. for rnany years

in other parts of ttre world" As early as 1860, I4ouras, a French

engineer, developed a "closed vault with a waten seal vùrich rapidly

transformed all o<crsne¡-rtitj-ous natter to a liquid state" (5). In

1895, Dor¡ald Cameron designed and built a septlc ta¡k for ttre town

of E<eter, frrg1and" Collecting the methane gas produced, he used it

for street lightjng i¡r tkre vicinity of tlre plant (5).

Fong (6) reported tt¡at a lord Ïveagh built five digesters j¡l

the 1920's to produce nethane gas from rranure. Ítre digestens wene of

a crude desigrn, each consisting of a "strong netal q¿linder, 28 feet

h-igh arrd 16 feet j¡r diameter, wittr a.heating dq¡ice in tlre bottom, a

paraffin engine for the mixing of tlre sludge and a gas collection

chaÍiber". fkre gas produced was pi@ to nearby dwellings for use in

cooking. One digester, built at grrford, Eegland in 1929 operated

for rnany years, produc:lg about 450 cubic feet (L2 735 litres) of gas

per day. h/hen fu1ly loaded, tl-is digester held "165 cart-loads of

nËrnure susperxled in water".

During Ir¡crld War II, tJ:e shortage of fuel in Cerrnany ted to

tLre devel-opnent of metÌ¡ane generating plants j¡r n:ral areas vùrere the

farmers used thre gas to povier tractors (7) . Others have also achieved

success using nrethane gas to por.rrer farm tractors (3), to operate

steam eng1nes for generating electrical pc,tver (B) , and in England

nethane gas produced from chicken droppings has been used successfully



as a fuel for autonobiles (9) " I4cre receptly, researchers at tÏ¡e

Universitlz of laanitoba have converted a pick-up truck fuel systen to

run on ccnurercially-available nethnne gas"

In India, where fuel supply is a critical problen j-n nrral

areas, methane gas generating plants have been installed ar¡d used

s.rccessfully for IIEny years" Singh (10) reporbed that a farner in

Lncknow i-n nortlrern India installed a 225 cubic foot (6367 litre)

capacity biogas* plant in f961 which provided gas for cooking, light-ing,

heating and for generati-ng electriciÇ" Singh also re¡nrbed that a

Souttr African fa¡:ner at Johanneshrrg buiIt. a bio-gas plant ín 1962" The

rrurnure from Lris 700-head hog operation produced enough gas to laln a

diesel generator conLi¡uous1y, day and night, providing posrcr for light-

ing, heating, caoking and irrigation"

Historically, anaerobic digestion of anj¡nal wastes has been

geared tcnrnrd waste use for i::erpensive generati-on of a useftil fuel

connodity" ¡/bre recently, and prcrninen{Ly in the npre developed

coi:ntries, organic di-gestion has been a metM of waste treatner¡t

and disposal ratlrer th¡an of waste unrngenent and use. ÍLre gas pro-

duced has usually been considered as only a d.isposable by-p:rcduct.

1.3 JUS1IFTCATTON

Anaerobic digestion, and rnost specifically its application to

rnr:nicipa.l wastes, is a well docunerrted subject. Parameters generally

characteristic of botLr well-functloning and rnalfi-:nctioni:rg anaerobic

digesters have been established. Researchers have atterpted to apply

*bio-gas: gas produced by anaerobic digestion of organic st-:bstances,
such as ilt¿tnure.



these criteria to ttre anaerobic digestion of anírnal wastes and have met

\^rith sclne success. Ttre results are not consistent, hcnlever, and the

criteria cannot be universally applied. It is likely that ani¡nal-

ilErnu.res frcm different locations rnay behave differently and produce

unique results when sr:bjected to ar¡aerobic digestion" Ttre tlpe of

feed, fed nutrients ard waten quai-ity w1ll have an effect on both

ttre physical ard chsn:ical characteristics of ttre InaïÌrrre, and this may

in turn affect tLre digestion process" (For e><ample, ttre water supply

for the hrogs contributing to tl¡-is study was braclcish in nature - see

appendlx o) " Accordingly, varlzing ðigester operating prrccedures nay

have to be irrplenented for different tÐg llrrnures"

With this il mi-ru1, laboratory studies of anaerobic decorposition

of hog wastes frcrn the University of }4anitoba's Glenlea Research StaLlon

\^/ere be$in as the j:ritial phase of an Erergy Potential frcrn Livestock

Wastes project s¡nnsored by tlre Bionass E:ergy Irrstitute, Inc. Know-

ledge obtained in the laboratory was to be used j¡r ñ¡rther laboratory

studies ar:d applied to a large scale pilot plant installation at tLre

University of laanitoba's Glen-lea Research Station.

T.4 STUDY OBJMTTVES

Ttre object of this study was to determine the suitability of

using hog wastes from a l4anitoba hog operatlon as a sr:bstrate for

ar¡aerobic digestion by operatS-ng a series of laboratory-sca1e a¡aerobic

d.igesters at various loading rates and retention times for the purpose

of assessing tlre parameters affecting tlre digestion process and the gas

production capabilities of tlre systen.



2" IJTERAfITJRE RE\ÆHit]

2"L TTIE ANAErcìBTC PROCESS

The a¡,as¡obic digestlon process rrny be defi¡red as ttre bacterial

dec-onposition of organic wastes in thre absence of free o>T/gen" Anaero-

bic digestion occurs i¡r two disti¡rct stages. The end products of tL¡e

first, or liquefactj-on stage, are utiJ-lzed j¡r ttre second, or gasification

stage. Equation 1, Fignrre l, is a general equation v¡Lrich biochanically

and microbiologically describes ttre ar¡ae:obic process (from Kornwrjk (11) ) "

In tL¡e fj-rst stage of ttre ar¡aerobic process, a gËoup of fasula-

tive ard ar¡aerobic bacteria ("acid formers") break doi,wr ccnple< organics

such as fats, proteins and carbohydrates into sinpler organics such as

sugars, peptldes and amino acids. Although no waste stabilizati-on occurs

during tlre first stage, the ccnrplo< organic matter is converted i:rto a

digestable form suitable for thre secrcnd stage bacteria. Eqr.:ation 2,

Fign:re 1, is a summalaz of tlre first stage general biochsnical reacLlons.

During the second stage, the organic acids formed in ttle first

stage are converted ixto gaseous end products (methane ald carbon

dioxide) by a grroup of bacteria termed tLre "metlnne formers". MetLrane

forrning bacteria are strict anaerobes, are non-spore forrning and are

therefore veraz sensitive to environmental conditions. There are

several types of methane fornrlng bacteria and each tlpe is characterized

by its ability to digest certain tlpes of organ-ic conpor:nds. Íhe npst

iJrportant. methar¡e formers are those which live on acetj-c and propionic

acids. Íhese bacteria carq¡ out the rnajor porEion of tl¡e waste stabili-

zaÈion process but their grc,ra¡th ard utilization of acids is slow (5) .



EQUATION NO, I

liouplgx onen¡{rcl FAcuLATTvE AND l-sr¡¡pue oncR¡uc-l METHANE

[MÃiTÈR_@--cðr'reoüÑij3.-þnrrtiiin-C02+cH4

EQUATT0N N0. 3

"r'f,ï-_--- "o'-:o,

EQUATI0N N0. 2

EQUATi0N N0.5

ilt*rorro*J. I rnoolE I' I srnrol Ill,' -l

cH. + ç6^ * l-vEny suRr-l n¡lounrs-l+ ¿ þr orHen enses I

rÁì cH?cHzcooH -GLrtrroot -l!Lcgo * coz
cH^cH^cH^c00H \^'>+'-"3""2""2"""" - 

cH3cogH ll.LrcHo * coZ

FIGURE l: THE ANAEROBIC PROCESS
(FR0r4 KoRMANTK (ìt)).

FACULATIVE AND
ANAEROBIC BACTERIA

METHANE
FORMTNG

BACTERIA



COMPLEX

t,'lASTE

ACID FORMATION

METHANE
FERMENTATION

PATHWAYS IN METHANE FERMENTATION
(rno¡l McCARTY (12))

FIGURE 2.



The anae::obic process is not ccmpletely operatiorr,al r:ntil all the

groups of metl¡ane formers are in production. Equation 4, Figure 1,

depicts th¡e second stage general biochenical- reactions" Fquatlon 5

is a sr-rnnarlz of second stage reactj-ons where A, B and C are different

tlpes of metlrane forming bacteria"

Waste stabilization in the ar¡aerobic process requires a

balance between tLre metlnne forming bacteria and ttre different acid

forrnilg bacteria. Ttre t:vvo rnajor volatj-Ie acid inte:¡rediates formed

in anaerobic digrestion are acetic acid and propionic acid. Íhe

inporbance of tLrese tl¡o acids as precursors of nethane is ird.icated

in Figure 2 wLl-ich illustrates ttre patLrways by raùrich ccnpler< organic

nnterials are converted to methar¡e gas (12) . TLre fractions of tLre

waste that are broken down into each group are dependent on tlte

ccnqnsition of the waste rnaterial and tlre efficiency of the ðifferent

methane bacteria in the anaerobic errvi-ronrnent.

2.L.L Tenperature

Terperature plays an irrportant role in the life and death of

bacteria. It has been observed tl¡at thre rate of reaction for rnicro-

organisns increases witLr increasing terperatr:re, dor:bling w-ith about

ever)z lOoC of rise in terperati:re until scnre ljmiting tsrperature is

reached (13) . According to the terperatr:re range i¡r vùrich they func-

tj-on best, bacteria nìay be classified as cryophilic, nesophilic or

the:roptr-i1ic. Tlpical terperature ranges for bacteria jn each of

these categories are presented in Table 1.



TÃBT,E 1. TYPICAL TB4PERATURE RAT{GES

F'OR \¡ARTCXJS BACTERTA (13) 
"

Terperature, oC

TYpe

Range Optimnn

Cryoph-ilic

MesopLr-ilic

Thernxrphilic

-2-30
20-45

45-75

12-18

25-45

55-65

Frcrn eryeriment¡.tj-on and actr:al operating experience, it has

been determined tÏ¡at ttre rnost practical optirmnn terperature for

anaerobic digestion lies within tJ:e mesophilic range, preferably at

about 35oC. Bacteríal action diminishes alnpst directly with terpera-

trrre beIo,v tLr-is range. Anaerobic digestion at thernophilic ten¡:eratr:res

has not been widely attenpted uainly because of the sensitiviþz of the

thernopllilic bacteria to slight changes in terperature (14) and due to

energy requirerents.

2.2 CONTROL PARAMHTERS

Effective treatment can be obt¿ined in anaerobic digesti-on if

the process is operated under optlrrn-m environmental conditions. At

se\¡,age treaür'ent plants, anaerobic digesters are npnitored verl' closely

but the waste treatrnent normally proceeds w'ittr a ndnjlrl.ln of effort.

Sudden clranges in environmental conditions or tLre j¡rtroducLi-on of

toxic nraterials into the digester may create an r:nlcalanced q¿sten.

Certain control ¡nrameters wlrich indicate the operating condition of

10



the digester are therefore used as a basis for determi:ring the

digester's operational efficiency"

2"2.L Volatile Acids

Several researchers believe tllat thre best i¡rdicator of digester

operation is tlre volatile acids concentration (12) " Vo1atile acids,

as indicated previously, are the product of tLre liquefaction stage of

anaerobic digestion. Conple>< organic rnatter is broken dcn¡rn i¡rto

sinpler organics consisLing predcnLinantly of organic fattlz acids-

Tkre nrethane bacteria are responsjlcle for thre destruction of these

volatlle acids and utilize tkrsn in ttre production of methane" If

tLre metabolisn of tÏ¡e methar¡e bacteria is adversely affected in scrne

way, the gasification stage will cease and. tkre volatj-le acids concen-

tration will increase. Although i.::vestigatj-ons have i¡rðicated tÏ¡at

concentrations of rrclatile acids even gireater than I0 
' 
000 ng/L as

acetic acid w"it1 not harm a biological systen as long as the ÊI is

kept in the desirable range (1I), a sudden increase in volatile acids

is nornally one of tkre first indicators of digester r:nlcalance ard will

usually jnd.icate the onset of adverse cond.j-tions before otlter parameters

such as fi, alJ<alinity or solids concentrations are affected. ¡'iccarty (12)

ørphasizes, however, that a h-igh volatile acids concentration is tJ1e

result of u¡lcalanced treatrnent and not necessarily the cause. A irigh

volatlle acids concentration rnay not be harmful in itself b:t irvlicates

th¡at scrne othrer factor is affecting the bacteria. In nornral-, efficj-errt

digester operation, ttre volatile acids concentration ranges frcrn 50

to 350 rW/L as acetic acid (I1) .
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2.2"2 É1

Tfie nx¡st desirable ¡*i range for biological life j¡r an

a¡,aerobic errvirorrnent i-s between 6"6 ard 7.4 witLr a nnximnn tolerable

range of about 6"4 Lo 7"8 (1I) " At ÉI levels below a.bout 6"5, mettnne

bacteria are inhibited by tLre free hydrogen ion concentration" At pH

level-s belcm¡ 4"5, tJ:e digestion process will stop" High pll levels

result in conversion of the volatile acids into their sa1ts, wtrich are

not ava.ilable to tlre gas forming bacteria (4) 
"

2"2"3 alkalinity

In a properly operating anaerobic digester, ÊI is nn'inta-ir¡ed

naturally by a bicarbonate buffer systen due to ttre carbon dioxide

produced dr:ring netLrar¡e fermentation (30) " ¡¡cCarty (]2) has illustrated

that tlre Ê1 is a function of ttre bicarbor¡ate alkalinity and tlre fractj-on

of c:o, in tlre gas. I4cCarty co¡rments on alkalinity: "the bicarbonate

alkali-nity is approxirnately equivalent to tlre total alkalinity for nrrst

i,,¡astes vfien tlre r¡olatj-Ie acids concentration is ve4z 1ow. When the

volatile acids begin to j-ncrease in concentration, ttrey are neutralized

by the bicarbonate alkali¡r-ity arx1 j¡ its place form volatile acids

alkalinitlz. Under these conditions, the total alkalinity is ccngnsed

of both bicarbor¡ate alkalinity and volatile acids alkalinity." ttris

relationship between volatil-e acids a¡d alkalinity enphasizes tÌ¡e

inqnrtance of naintaining a proper alkalinity concentration. The

alkalinity acts as a "buffering agent".

Ttre dynamics of buffer destruction and forrnation in tlre digester

is illustrated by the follcn¡¡ing equations (30) :
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cíHtzoa
(glucose) (acid formers)

Gr3cooH

3Gr3Cæ{
(acetic acid)

(acetic acid)

NH4HCCI3

(armpnir.rn
bicarbonate)

H20

(methane
bacteria)

Gf3cooM4 +HZo + @Z

(annpnir¡n
acetate)

clr3cæNH4 G¿ + NH4Hæ3

The first eqriation represents tlre breakdcxn¡n of glucose to acetic

acid by acid-forrning bacteria" Ttre acid is neutralized, as slrcnn: in the

secord equation, by ttre bicarbonate buffer. If sufficj-errt buffen is not

present, ttre ÉI should d:rop and the conversion of acetate to nethane, as

shcn¡n in tlre tkrird equation, r^,rculd be inh-ibited" D:ring the tl¡-i-::d

reaction, tt¡e buffer consr¡ned in tLre second reactj-on is reformed.

An equilìJcrir¡n between b:ffer forrnatj-on and destn:ctj-on is

nraintained when tLre a¡,aerobic process is proceeding satisfactorily.

When an upset occlrrs, it is usually the methane bacterj-a rather than

tLre acid formers tLrat are affected, and buffer ca¡ncity is reduced.

A low alkalin:ity (say .1960 nV/L) does not provide nnrch of a safety

factor for anaerobic treatrrìent. An increase in volatile acids will

be neutral-ized by the bicarbonate alkali¡rity resulting in a decrease

in alkal-inity and a drop in pH. A Lr-igher alkalinity (2500-5000 nq/L)

will provide rnore "buffer ca¡ncity" so a larger jncrease in volatile

acids rnay be hardled r¿itlr a rninirrn¡n drop il pI. alkalinity should

be maintained in tlre 2000 to 5000 rW/L (as CaCOr) range, at a level

13



vùrich e<ceeds thre volatile acids concentratlon" An i-ncrease in volatile

aci-ds to a 1eve1 wh-ich occeeds tl.e alkalinity could result in tl.e pro-

ducLlon of free volatile acids and a destruction of tlre b:ffering

¡ntential of the systen" Ttre result would be a drop jn pH and a reduction

in gas production (15) 
"

2"2"4 Residue

Ttotal and volatile solids analyses on the feed rnaterial are

irrperative in detern:i.::ing organ-ic loading rates to the &i-gesters.

Subsequent solids analyses on the digesting rnaterial are necessaaaz

tp determine tkre reducLlon in volatile solids occr:ring in the process"

The reduction in volatile solids has been accepted as one of the

ne¿rsures of ttre digester's operaLior¡a1 efficienc¡f" In a well func-

tioning digesten, tlre volatj-le solids reductlon should be about. 50

per cent"

2.3 PROGSS INHIBITORS

TLrere are nnny rnaterials, both organic and inorganic, which

rnay be toxic or inh-ibitory to tJle a¡aerobic process. I4cst of the

research in th:is area has beer¡ done wittr ss^lage sludge digestion, but

the results obtained. can be applied to the anaerobic digestion of hog

wastes.

Ttrree potentiat causes of èigester jlstability and ulti¡nate

failure are hydraulic and organic overloadi::g ard toxicity. Hydraulic

overloading occurs wtren tlre retention time* is so lcu¡ that the

*For the puq)ose of tÏ¡-is study, thre retention time is defined as tl¡e
hydraulic retention Lifie, v¡L¡ich is the effective digester vol¡ne
divided by tLre daily feed volune.
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orgailiffls are flushed out of tLre systen before ttrey have had a chance

to reproduce" Organic overloading can ocsur when an e>(cess quantity

of organ-ic solids is introduced into tlre digester. Graef arxl

Andrs¡¡s (10¡ re¡nrt th,at th-Ls causes an accr¡nrlation of volatile acids

that can inhibit tlre methanogen-ic organisns" Troxicity failures are

caused by the add.itlon arvl acq¡rul-ation of rnaterials that are lethal
to the methanogenic bacterj-a" These rnaterials includ.e heaw netals,

detergents, annonia and various cations.

2"3.L Annpnia

Arnrx¡nia toxiciQ'wamants additior¡al discussion si¡rce ttre urea

content of ttre hog wastes affects the annpnia concentration j¡r tLre

digester feed rnaterial, as is ind.icated by thre follouring reaction:

bacterial
H2IíC:oNH2 + H2O ]::::l.-'. COz + 2*g (31)

(urea) enzYnes

In ar¡aerobic systens, annonia \rill be in eqLliUJcrir¡n as ttre

annpnir¡n ion or as dissolved annonia gas:

(17)

I,Vith an increase in fÈI the equilibrir¡n shifts to tJ:e right and npre

anrnonia goes into solutlon. I.oef¡r (15) reports the source of th¡_is

annx¡n-ia as being either anaerobic degradation of n-itrogenous ccrn¡rcunds,

such as proteins ard. urea, or the addition of annx¡n-ia conpor:nds as a

source of alkalinity.

Iaccarty (12) has for:rx1 that the annroni-a gas is irùribitory at

much lower concentrations tl¡an t]:e annpnir¡n ion. At ËI o<ceeding 7.4

tþ 7.6 ard anmonia nit::rogen qoncentrations between 1500 and 3000 mg/L,

the annpnia gas can becone intr,ì.bitory. lrltren tLre annx¡nia nitrogen con-

centration e><ceeds 3000 ngÆ, thren tLre annonium ion itself beccnres qrrite
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toxic, regardless of pFI" Albertson (18), in stuðies conducted to

determine the cause of digester faih:re when increasing concentratj-ons

of solids were added, concluded thìat digester loading itself was not

directly associatæd w'itlr tLre cause of fai}-rre" He recorded failures

at loadings of 0"20, 0"27, and 0"44 lb VS/ct/ð, (3.2, 4"3 ard 7"0 g/L/d) "

All of these faih¡res, however, had one ttring in conrrx¡n - an Mr-N

concentration in er<cess of 1250 Íq/L, ildicating that tLre NH, ion rnight

have been the cause of faih:re.

2.3 "2 He¿v1z Metals

HeaqF metals have been blarcd for rnarry digester fai}¡res. I-cr¡r,

but soh:bIe, concentrations of copper, zlnc ard nickel salts are quite

to>cic (L2) . Copper and zi¡rc nay be of prjme concern since ttrey are

often used as supplerents in livestocl< feed. Str:dies have ird.icated

tlrat copper and zinc concentrations as Icr.¡ as 10 Ttg/L resulted in ccrn-

plete j¡hibiLion of gas production frcrn the anaerobic treatrner¡t of

r^¡astes (17) " I\bcarty (12) re¡nrts that concentratj-ons of tLre rûore

toxic heaw met¡.ls (copper, zínc, nickel) which can be tolerated are

related to th¡e concentration of sulfides available to ccrnbine witlr t]:e

heaw metals to form insoluble sulfide salts. Such sal-ts are i¡rert

and do not adversely affect the microorganisrs. It should be noted

tLrat sulfides, by threnselves, nay be guite toxic to anaerobic treatrnent,

as are the hear4¿ metals. !^/hren ccnrbined, hcnrever, tLrey form insoh:ble

salts vùrich have no detrimental effect (12) .

2.3.3 Antilciot1cs

Antibiotics may be used in hog raising operations for aninral

disease control. TLrey are npst often used during periods of stress,
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for e><ample vùren grow'ing stock are npved into tlre finisLring hrilding"

Aftn-inistered to the anj¡nals by injectlon or j¡r an antibiotic feed, the

antjjoiotics ilìay pass tlrrough the hog's digestive q¿sten a¡]d be present

in the IIEnure. Antibiotj-cs, being a microbiological biocide, have

been considered as perhaps being lethal to the netL¡ane forming

bacteria (19) 
"

2.3 "4 Detergents

Detergents have also been skrcn¡n to htúbit tlre a¡raerobic

digestion process. In stuðies urdertaker¡ to i-nvestigate tt¡e effects

of ar¡ anionic slmtÌ¡etic detergent on a¡aerobic søuage sludge digestion,

Hernardez arrid Bloodgood (20) concluded tt¡at "a giradual i¡crease in the

concentration of alJq¡t benzene sulfonate (ABS) by periodic addiLions

of an ABS solution to a laboratory digestion u¡ri-t has no apparent

effect on the digestion process r:ntil the concentration of t}re "ad'dgl"

ABS (ABS in e>(cess of that present j¡r the raw feed sludge) reaches a

Lr-igher level, vùren a noticeable decrease in daily gas production nrery

be erpected". The "higher" level is variable and pres-unably dependent

on individual ùigester operation. In ttreir oçeriments, however, ttre

"added" ABS concentration found to be wholly detrjmental to ttre digestion

process was 59 mg/L, altlrough lower ccncentrations were teq>orarily

i¡hiJoitoq¡. The contents of the test unit at tLt-is stage e><hjJcited an

ABS concentration of LO7 ng/L. fL¡e researchers concluded that it is

not ttre corcentration alone h:t tlre rati-o of ABS to total solids tllat

is tlre jrrportant. relaLionsHp; .n ABS concentraLion of 3.3 ng/g of

totat solids will result in a serious disnrption of the digestion process"
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Degens, et al, (2L) conducted e><periments to determj¡re the

influence of synthetic detergents on the methane fermerrt¡.tion of

rnixtures of raw ptiottlr and secondarlr sludge' The conclusion drawn

frcrn the erperiment was Ûrat if tlte concentration of syntlretic deter-

gents J-nvestigated was not higher than 500 p¡m active rnaterial in

the raw sludge, there would be no interference w-ith t|re metlrane

fermer¡tation"

2"4 Rfl,ê{TED RESEARCH

Arras:obic digesti-on of hog manure is not a nsÀr idea" Researchers

have been eçerirnenting i¡r this field for t}re past forty-odd. years"

Differences in tlre eçerjJr€ntal procedures and in the conclusions drav¡n

by other researchers v,arranted docr¡nentation of tkre followjng work"

Jeffrey, et al, (2) conducted anaerobic ôigestion str¡dies to

determine the digestion characteristics of various aninal wastes.

The object of their experiments $ras to determi¡re the allowab1e loadjngs

in por:nds of volatile solids per day per 1000 cubic feet of d.igester

ca¡ncity, ttre per cent reduction of volatile solids obtainable a¡¡1

thre gas productj-on chnracteristics. Thre results j¡rdicated that when

the loadings to digesters operating aE 20 day displacsnent were

increased above I75 lb VS/ðay/L000 eubic feet of d.igester (2"8 g/L/d) ,

the gas prodtrction began to drop off a¡d the volatile acids concen-

traLlon began to increase" Ttrese changes both in¿icate a breakdown

of tlre digestion process" fhe tests concluded tl¡at the allowable
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volaLile solids loading for Ìrog waste digesters was between 0.15 and

0.17 lb Vs/day/q:bic foot of di-gester (2"4 artô, 2"7 g/L/d) " Gas

production was approxirnately 8 cr:.bic f.æt/lb VS added G99 L/kg) ard

ë<hibited u @2 content of 32 per cent"

Taigarr-ides, et a1o (3) satisfactorily digested tìog wastes at

a loadirrg rate of 0"2 lb Vs/My/ct:bic foot of digester ca¡:aciÇ

(3"2 g/L/d) at a detention period of less thnn 10 days" For desigrn

ptüposes they for:nd the reguired digester ca¡racity to be appro<irnately

one cubic foot (28 litres) per hog produced per year" Average gas

production was 7"8 to 10.3 cubic fæE/1b \ZS added (486 to 642 L/kg).

The netÌ¡ane content of the gas was about 59?.

Granrns, et aI, (22¡ conducted anaerobic digesLion str¡dies to

determine the optjnu-un loaðing rate for treatrnent of dairy bull, srwine

(hog) and poulüry wastes, and tLre resultjng reduction of volatile

matter. Hog wastes used in thre experiment were fecal floor scrapings

diluted with tap water to a sh¡rry having a 10? solids content.

Results obtained f::crn terperature controlled ar¡aerobic ôigesters

openated on hog wastes at 10 and 15 days retention tjmes and loading

rates of 0.L2 and 0.24 lbVs/cf/day (1.9 ard 3.8 g/L/d) indicated

that. (i) ar¡aerobic digesters for hog wastes should not be loaded at

rates greater than 0.24 lb Vs/cf/ðay (3.8 g/t /d) and should have

retention tj¡es between 12 and 16 days, and (ii) altlrough substantial

reductions in volatj-le solids may be achieved tLrrough ar¡aerobic

di-gestion, ultimate disposal of the wastes rnay stilt be a probløn

tm1ess a long-term digestion process is util-ized. Annpnia nitrogen

(MI'-N) levels in ttre feed. material ranged from 190 to 570 rry/L.
J
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oeperdjrrg upon loaðing rates a¡d retention Limes, volatlle acids,

alkaliniÇ ald NH3-N concentrations \,rithLin the digesters waried but

reached levels of 1090 Trg/L (as acetic acid) , 7L30 ng/t' (as CaC03)

ard 1010 rry/L (as N) , respectively" It should be noted tÏlat the

feed rnaterial contaj¡ed little, if arry, urine" Gas production ranged

frcnr 7"9 to 13"2 cubic feet per lb VS destroyed per day (490 tþ 823

rtks/d) "

A literature revie,¿ by $nith (23) on laboratory sürdies by

varior.rs researchers rer¡ealed that *igesters operatilg on hog wastes

containing urine vrere seldcnr successful r:r¡less the load.ing rates v¡ere

ve4z lcrw (<0"075 Lb w/cf/ðay (I"2 9fi,/d)) ard. the retention tjmes

fairly irigh ( >,22 days). Alternatively, ðigesters operated on nìanure

floor scrapings (solids) diluted w:lth tap water \Á/ere successful, even

at relatlvely Lrigh loading rates a:rd shorL reter¡tj-on tjmes. Smith

reported one zuch digester loaded at 0.24 JbvS/cf/d (3.8 g/L/d),

t0 day retention withr intermittent mixing, operating successfully

ard producing 13.2 cubic feet of gas per poìxlf VS rsrpved frcrn tl¡e

ðigester (824 r,¡kg¡ .

Fong (6) successfully digested hog IIEnu.re at 37oc at a load.ing

rate of 0.25 lb tIs/cf/d G.0 g/L/d) and a retention period of 10 days.

Tlre resulting gas production was a.bout 14.5 cLrbic f.æt/1b VS destroyed,/

tuy (905 t'lkg/d) and e<klibited a methnne content of 59%. Fong

reconmended anaerobic digesters for hog nnnure not be toaded aL rates

e><ceeding 0.25 lb w/cf/d G"0 g/t/d\. Higher rates rnay result in

annxrnia acsunnrlatlon which is det-rimental to tlre digesLion process.

For good reductions in volatile solids, the retention tjme should be
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between 15 and 18 days" Increased loadi-ng rates arñ/or decreased

retention times (otLrer ¡:arameters rsnairli:lg constant) were found to

j¡crease the quantity of gas produced per pound of volatile solids

destroyed" An increase in tLre loading rate, hcnroze,r, v¡as also for:nd

to decrease the percent methane in thre di-gester gas"
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3. Ð@ERIME}¡ML PRO@URE

3"1 APPARATUS

The laboratory d.igestlon r:nit (Figure 3) crcnsisted of a four

litre glass aspirator bottle having a feed tube and gas vent line at

the top and a sludge withdrawal tap at the bottcm" MLring was acccflÈ-

plished eittrer withr CAI{LAB rnagrnetic stirrers on a 3-hour on / 3-hour

off rycle, or by periodic rnanual agitation. Gas p:rcducti-on was

deterrnined by liquid displacanent of a satr:rated solution of sodir¡n

sulfate in a 5? sulfr:ric acid soluti-on"

Ttre contents of the digesters were rnaintained. at 35oC by housing

the r:nits in a constant terpenatr:re chanrber or by keeprng tJlen j¡r a

constant terperature water bath.

3.2 OPERATIOT,IAL DHIATT,S

Hog manure was collected as required frcm the Glenlea Research

Station, 15 miles (24 kilcrnetres) soutlr of Winnipeg. Tìo ensure hcnp-

geneous sanples, the nrarn:re \¡ias well agitated by a ¡lrnnp prior to rsnoval

frcrn the holding pits beneattr thre rearing barns. Tt¡e nrarn:re was

screened arfl/or allowed to settle to concentrate r:rine and fecal portidns

when they were required separately. Sanples hiere stored at 4-5oC r:ntil

required.

Each digester held 4 litres of d.igestjng sludge. Initially,

the digesters were seeded wiûr four litres of anaerobic digester sludge

frcrn ttre City of Winnipeg North E:d Selrage Tlceatrnent Plant. Each day a

predeterrnined vo}¡ne of rnanure plus tap water (as required to meet the
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loading rate and retention tirne criteria) was added to the digesters

and an equal vol¡ne of digested sludge was rsroved. Prior to each

feeding, the digester contents lvere agitated thoroughly to ensure

hcnngeneity of sanple" An e<anple calsulation of hor^¡ feed rates v/ere

detennined rnay be for:nd in appendix n.

I4easursnents of terperature, ¡*I, alkalinity, volalile acids,

total and volatlle solids and annpnia nitrogen were taken routinely

during tLre study" TLre total daily volune of gas evolved and its methane

content were also recorded.

Digesters l¡lere operated until either steady state condiLions

v¡ere reached or digester fai}:re appeared evident" Digester fa-il:re

was considered irrninent j¡r ttris study vùren gas prrcduction dropped

progressively and volatile acids and alkalinity and/or M3-N concen-

trations j¡r tlre digester e><ceeded those levels considered acceptable

for effective digester operation.

3.2"I First Series

Ttre first serj-es of digesters (r:nits 1, 2,3) lvere operated on

nìanure from the farrcnv'ing barn, at loading rates of 0.50, 0.25 and 0.10

lbVs/cf/d (8.0, 4.0 and I.6 g/L/d) and retention times of 8, 16 and 40

days, respectively. Digesters were housed iJr a 35oC constant terperature

charnber and rnixirg v\¡as acccrnplished vriü CAIüIAB rnagnetic stirrers.

3.2.2 Second Series

Units 4, 5 and 6 were operated at loading rates of 0.I2, 0.10

and 0.12 Jb'l/S/cf/d (1.9, 1.6 and L.9 g/L/d) and retention Limes of 10,
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5 and I0 days, respectively. I4anr:re frcrn the farrow-ing barn was used

as substrate for all thrree digesters, kut was separated into liquid and

feces fractlons for use i¡r units 5 and 6 respectlvely. Digesters in

this series were also housed in a 35oC constant teçerature chanrber and

nlixing was acccÍrç)lished v""ith rnagnetic stirrers"

3 "2"3 Third Series

Units 7a, "7b, 8a and 8b were all operated on tL¡e feces fractj-on

of rnanr:re obtained frcrn the breeding and. replacsnent barn. Ulaits 7a and

7b operated at a loading rate of 0.12 1b Vs/cf/d (L.9 g/L/d) and a 15

day retæntion time; r:n:its 8a ard. 8b operated at a loading rate of 0.15

lb Vs/cf/d (2"a g/T"/d) and a 15 day retention tjme" All four digesters

were naintained. at 35oC in a constant tenperature chamber arul rnixi.::g

was acccrnplished with magrnetic stirrers (figure 6) .

3.2.4 Fourbh Series

For the fourth and firral series of digesters (urrits 9a, 9b, 10a

and 10b) , rìantrre frcrn tLre breeding and replacsnent barn was used as a

substrate" Unj-ts 9a and 9b operated at a loading rate of 0.12 lb Vs/cf/d

(L.9 g/L/d) and a 15 day retention time; r:nits 10a and 10b operated at

a loading rate of 0.25 lb Vs/cf/d G.0 g/L/d) and a retention tjme of

18 days. In this series, the digesters were held in a 35oC constant

tenperatr:re water bath ard mixing v\,as acccffplished by rnanual agitation

- for:r tjmes ¡:en day on weekdays, twj-ce per day on weel<ends.
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FIGURE 4. DIGESTER UNIT & GAS COLLECTION APPARATUS
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FIGURE 5. CONSTANT TEMPERATURE CHAMBER
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FiGURE 6. DIGESTER UNITS 7a, 7b,
TEMPERATURI CHAMBER

8a & 8b INSIDE
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3"3 TÄBORATORY A}ÃLYSES

Al1 analyses, with tlre e<ceptj-on of volatile acids, were

conducted in accorda¡ce witL¡ procedures outli¡ted i¡ Star:dard

l{etlrods (24) " alkali¡r-ity (secti-on 201) a¡.ld ÉI (sectlon 22L) wæe

deternr-ined potenticnnetrically with a Raôicrneter model 29 øl meter.

The p{ 3.7 (nrethyl orange) endpoi¡t was selected for alJcalin-ity

dete=ninations. Trotal- and volatile sol-ids analyses were conducted

in accorda¡ce with sætion 224 (A & B) . AJ-l weight nìeasurenerÌts were

rnade i^rith a }4ett1er H.18 Analytical Balance" Arnnonia n-itrogen was

collected j¡r boric acid and its concentration deterrnined titrimetrically

(sections 2I2, L35).

Volatile acids deterrnirntions \Árere conducted w'ith the aid of

a IIAGI DR Colorinreter (IIAGI Chsnical Ccnrpany, Ames, Ior^¡a) " Íhe

laboratory procedr.lre is outlined in appendix a.

Gas ccnposition (percent metLnne) was determined with a $ze

Series 104 Gas Ctrrcnratograph fitted r^rith a flame ionizatj-on detector.

Se¡nraLion ard identification of meth,ane was provided by a 3/L6" ' eight

foot, staj¡l-ess steel co}¡rur pacl<ed \,údth Pora¡nk R" Nitrogerr at a

flov¡ rate of 20 ml/min. was used as the carrier gas; colunu: terperatr:re

was rnai¡ltained at 27oc.
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4. Ð@ERTMH\]TAL RESLILTS

Results of thre experimental phase are presented iJr Table 2

arrd in Figir.:res 7 to 20" Table 2 Ls a concise slurtnâaT of the opera-

Lior¡al details for each ùigester in tl:e study" Fign:res 7 tþ 20 depict

giraptr-ically tLre nonitoring results for each digester r:nit; threse

results rnay be found in detailed tabular form i-n epperrdlx e.
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7 ô 6z
^

^z-O
l-- L) = o U

5.
n Ø o J O 4- u J t- J

rO J>

V
O

LA
T

IL
E

 
A

C
ID

S

P
E

R
F

O
R

M
A

N
C

E
 v

s.
 T

IM
E

- 
fe

ce
s,

 R
et

en
tio

n 
l5

 d
aY

s)

D
ay

s



È H

80
00

70
00

60
00

50
00

40
00

30
00

20
00

I 
00

0 0

õ (J (t (J

JZ
#

E
 

l^
(U

-J
J 

ÍX
J

\o
 

ftt
z 

o(
-)

O
E

(,
E

H
vL

) 
o-

È
- 

cL
()

zJ
-

=
U

\
oc

.' 
0Ø

oo
 

E
o

É
dv

H
È

l- 
o

H
>

<
u'

, 
z.

 l
-

a5
4z

,J
>

zJ
j-

JO
<

<
¿

=
Y

,J
<

=
JO

o<
<

>

F
IG

U
R

E
 1

5.
 D

IG
E

S
T

E
R

 
U

N
IT

 B
a

(L
oa

di
ns

 0
.1

5 
lb

 u
S

/c
f/d

 (
2.

4 
s/

L/
d)

10

S
 R

E
D

I.J
C

T
IO

N

A
LK

A
L 

IN
 I

T
Y

7^ -z bo
t-

'
O = o u æ

.
E

ô J o Ø
4u

J t-
-

J

3>

l5

G
A

S
 P

R
O

D
U

C
T

IO
N

P
E

R
F

0R
M

A
N

C
E

 
vs

. 
T

IM
E

- 
fe

ce
s,

 R
et

en
tìo

n 
ì5

 d
ay

s)

20
25



È t\)

80
00

70
00

60
00

50
00

40
00

30
00

20
00

I 
00

0 0

! (J fit ()
JZ

, 
{J

E
 

l.^
c,

vJ
 

sX
J

\o
õ

z 
o(

-)
O

E
6E

H
v(

j 
O

l--
 

o
O

Z
)-

fU
\

õ 
<

5 
au

l
o<

) 
E

:o
É

 
de

H
d¡

- 
o

H
>

-<
rn

zl
-

(5
 <

,2
, 

J
>

2.
 

Jl
JO

<
<

-É
}/

. 
J

<
E

JO
o<

<
>

G
A

S
 P

R
O

D
U

C
T

IO
N

t0
 

l5

F
IG

U
R

E
 I6

. 
D

IG
E

S
T

E
R

 
U

N
IT

 B
b

(L
oa

di
ng

 0
.1

5 
lb

 tl
S

/c
fld

 (
2.

4 
s/

L/
d)

V
S

 R
E

D
U

C
T

IO
N

A
LK

A
LI

N
IT

Y

70

z
-ô Þ

e
F (J = â U æ

.

5Ø
o J o Ø

4u
J F J o

3>

V
O

LA
T

IL
E

 
A

C
ID

S

P
T

R
F

O
R

M
A

N
C

E
 
vs

. 
T

IM
E

- 
fe

ce
s,

 R
et

en
tio

n 
ì5

 d
ay

s)

25
30

D
ay

s



90
00

80
00

70
00

60
00

50
00

È U
J

! U õ u
JZ

 
{J

E
 r

^o
-J

 
A

f(
J

\o
ó

z,
 a

.)
O

É
C

'E
H

\/(
J 

À
t-

 
cL

O
Z

Jv
=

u\
o 

(lt
 u

rØ
O

O
 

E
O

É
,ú

.-
¿

À
F

 
O

H
>

<
(n

2t
-

<
5<

,2
 

J
>

z 
Jl

--
JO

<
<

H
ã:

lJ
<

=
JO

Õ
<

<
>

40
00

30
00

20
00

'1
00

0 0

A
LK

A
LI

N
IT

Y

P
R

O
D

U
C

T
IO

NV
S

 R
E

D
U

C
T

IO
N

l0
 

15
 

20

F
IG

U
R

E
 ì7

. 
D

IG
E

S
T

E
R

 
U

N
IT

 9
a

(L
oa

di
ns

 0
.1

2 
lb

 V
S

/c
fld

 (
.l.

92
 s

/L
/d

) 
-

V
O

LA
T

IL
T

 A
C

ID
S

76

z
6o

F
- = o U

-d b
Ø o J o r/

)
4-

J È
- J O

3>

2s
 

30

P
E

R
F

O
R

M
A

N
C

E
 v

s.
 ïI

M
E

ur
in

e 
+

 f
ec

es
, 

R
et

en
tio

n 
l5

 d
ay

s)

35
D

ay
s



90
00

80
00

70
00

60
00

50
00

40
00

30
00

20
00

I 
00

0 0

rÞ rÞ

E u rú u
)z

 
+

j
E

 
l^

(u
vJ

 
C

rlL
'

\O
 

rõ
Z

 
O

C
J

oË
õE

H
-J

C
J 

C
L

F
- 

C
L

oz
¿

-
=

U
\

ô 
(5

 0
(/

)
oo

 
E

o
É

dv
H

À
F

- 
O

H
>

<
Ø

z,
 

l-
<

D
<

,2
 

J
>

zJ
l-

JO
 

<
<

H
=

:Z
J

<
=

 
JO

Õ
<

<
>

G
A

S
 P

R
O

D
U

C
T

IO
N

A
LK

A
LI

N
IT

Y

V
S

 R
E

D
U

C
T

IO
N

l0
 

l5
 

20

F
IG

U
R

E
 IB

. 
D

IG
E

S
T

E
R

 
U

N
IT

(L
oa

di
ns

 0
.1

2'
lb

 u
s/

cf
ld

 (
1.

92
 s

/L
/d

)

V
O

LA
T

IL
E

 
A

C
ID

S

pH Õ -o

z
-o bH

F
-- L) = o U É
.

5v
1 o J O Ø

4u
J f- J o

3>

9b
 P

E
R

F
0R

M
A

N
C

T
 
vs

. 
T

IM
E

- 
ur

in
e 

+
 f

ec
es

, 
R

et
en

tio
n 

l5
 d

ay
s)

25
35

D
ay

s



90
00

80
00

È (¡

õ u (, (J

)z
 

+
,

É
 l

^(
u

vJ
 

C
rX

)
\o

ó
z 

o(
J

oE
rú

E
H

\/O
 

C
L

F
O

0Z
.J

v
=

u\
o 

(l'
 

0ø
)

oo
 

E
o

d&
-H

À
È

- 
(J

H
>

-<
u)

 z
. 
l-

(5
<

,2
, 

J
>

 z
. 

JF
-

JO
<

<
4Ë

J.
 

J
<

=
 

JO
ô<

<
>

70
00

60
00

50
00

40
00

30
00

20
00

I 
00

0 0

V
S

 R
E

D
U

C
T

IO
N

A
LK

A
L 

IN
 I

 T

F
IG

U
R

E
 ]9

. 
D

IG
E

S
T

E
R

 
U

N
IT

(L
oa

dì
ns

 0
.2

s 
lb

 V
s/

cf
ld

 (
4.

0 
sl

L/
d)

A
S

 P
R

O
D

U
C

T
IO

N

f 
O z

5g
È

-
(J = o U

-É
.

5
Ø Õ J o Ø

4u
J t- J

^o J>

V
O

LA
T

IL
E

 
A

C
ID

S

l0
a 

P
T

R
F

0R
M

A
N

C
E

 
vs

. 
T

IM
E

- 
ur

in
e 

* 
fe

ce
s,

 R
et

en
tio

n 
lB

 d
ay

s)



90
00

80
00

70
00

60
00

50
00

40
00

30
00

20
00

I 
00

0 0

È o'
l

! U (t (J +
,

^(
U rx

j
oõ (J rú

E
(J

 O
-

o-
Jv rJ

)v
)

E
C

¡ (J
t- H

LU
Z

,J
Jt

-
!.J JO

JZ
.

E
I

V
J z.
 a

r
O

E
F L)

 Z
,

3U
J

o(
9

oo É
.ú

,
È

 ¡-
-

rt
l 

z,
(5

<
>

2. JO H
= <
E o<

A
LK

A
LI

N
IT

Y

G
A

S
 P

R
O

D
U

C
T

IO
N

V
S

 R
E

D
U

C
T

IO
N

N
H

3-
N u 

t5
 

20
 

25
 

30

F
IG

U
R

E
 2

0.
 D

IG
E

S
T

E
R

 
U

N
IT

 l0
b 

P
T

R
F

0R
M

A
N

C
E

 
vs

. 
T

IM
E

(L
oa

di
ng

 0
.2

5 
lb

 V
S

/c
fld

 (
4.

0 
S

/L
/d

) 
- 

ur
in

e 
+

 f
ec

es
, 

R
et

en
tio

n 
ìB

 d
ay

s)

1^ lô

ò{

-z rio
F

- = o U É
5

U
) ô J o

Q
u J t-

-
J o

3>

35
D

ay
s



5. DISGJSSION OF RESULTS

5.I FIRST SERIES

The range of loading rates and retention times for digester

r:nits L, 2 and 3 were as selected to establish nore optimurn ¡nrameters

for subsequent digester runs. Ttre nn¡ure for these digesters was

obtained from barn No. I at the Glenlea Research Station which, at

the tine of tlre study, was used for raising growing and finishr-ing

hogs, and for farrcnaring pigs. No dj-l-utions of substrate were rnade

prior to feeding. Ttre digester influent characteristics were identical

for all three r:nits; alkaUrr-ity and volatile acids concentraLlons were

alnost egrrivalent. Ttre perfor:rumce of all three digesters was similar,

\^rith r:ndesirable increases in volatile acids, and corres¡rcndi¡g decreases

in gas productj-on occurring shortly after Ôigester start-up. The

volatj-le solids reduction varied frcrn 47 to 33%; ttre percent GI* in tLre

gas produced was low and rsnained bel-cn¿ 35?" Dr:ring tJ e n:ns, alkalinity

levels in tÌ¡e digesÈers rsnained well in e)<cess of tÌ¡e volati-Ie acids

concentrations wh-ich is j¡rdicative of good buffering ca¡ncit1z" Ttre

i¡creases j¡r alkaIi¡ity in tlre digesters rnay be attrjlcutable to the

alkaliniQz leve1s i¡r tlre brackish supply water used in the hog barns.

¡*I values approached Êf 8.0 on occasion, particularly in r:rLit 3. ttris

rnay have been sufficient to inhlbit bacterial fi:r¡ctions as the generally

accepted upper limit for successful anaerobic activity is pH 7.8 (11).

¡üc f*I adjustnents $¡ere made for arry of the digester runs. The shorter

tlre retention time, the npre rapj-d was the deterj-oration j¡r digester

operation. Although digester urlit 3, \fith a retention time of 40 days,
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had not been ccnpletely displaced at ter¡ninaLion, si¡nilar signs of

digester faih:re were evident in all r:nits" All three digesters h/ere

considered to have failed after 26 days of o¡:eration"

5"2 SECO¡ID SERIES

Some tLrought had been given earlier to tLre possibility of annxrnia

in the nnrìLlre causing toxlcity problans j¡r tlre digesters. To further

evalr.rate tlr-is hypottresis, r:n-its 4, 5 and 6 were operated on various

conqrcnents of rnanure frorn barn Ib. 1. Representative sanples of nrarl:re

were used as sr:bstrate for unit 4, and only separated liquid supernatant

and feces fractions were used for substrate in r-lr¡-its 5 and 6, respectively"

Wiûr reference to successful findings of otLrer researchers, loading rates

of 0.12 lbV3/ct/d (I"92 g/L/d) and retention times of 10 days were

selected for tLre run but due to tlre 1ow sol-ids content of tLre liq'Jid

fraction, it was necessarlz to operate i¡nit 5 on a verlz shorb 5 day

retention time in order to approxirnate thre ccrrrmf,n loading rate. Ttre

solids fraction used for unit. 6 was diluted with tap water to achieve

the desired retention time. Tt¡e annpnia nitrogen conterrt of tÌ¡e solids

feed (r:nit 6) was signifJ-cantly lower than that contained in tlre sub-

strates for units 4 and 5; this is to be eçected as tt¡e liquid fraction

of the rruu-Ìu-re would contain nost of thre urea.

Unit 4 followed an operating pattern similar to r:nits I, 2 and

3, e<hibiting progressive increases i¡r alkal-j¡l-ity and volaLlle acids

concentrations and corresponding reductions ìn gas production. Increas-

ilg al-kalinity levels nay agai-n be attril¡:table to ttre water supply

alkaliniþz levels and would tend to increase tLre operating level of
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the volatile acids in the digester due to the available buffering

capacity" Volatile solids redtrctions i¡r tL¡:is unit ranged frcrn 45

to 35 percent and tl¡e methane conterrt of the gas produced declined

steadily frcm a nnxirntnn of about 40?" Ænron-ia nitrogen concentrations

jn thre dj-gester rose to 1q¡e1s v¡L¡-ich hrere cansidered to be irù-ibitory

(2100 rW/L). At the associated tr-igher ¡*I levels jn t]¡:Ls digester (7 "8,

7"9, which in itself rnay have been sufficient to inhjibit successful

anaerobic activity), the annpnia gas form would be prevalent"

Unit 5 exhibited o<trenely rapid signs of digester failure"

Altbrough a larger d.igester should have beer¡ used in tLrj-s case so as

to rnaintain an equivalent retention tjme for all t¡nits i¡r th-is series,

the results of such a short retention time are evident" Volatile

solids reductions in r:n-it 5 were negligible" A1kaliníty, vo1at5-1e

acids and annpnia nitrogen Ievels rose dramatically, e><ceeding accepted

levels with-in a few days. In th-is j-nstance it is npst likely t]¡at tLre

short retention tinre did not alIow ttre bacteria to beccnre accli¡aLlzed

sufficiently before being flushed out of tlre digester, and tl¡erefore

contributed to the causes of digester failure.

Unit 6, operating on the solids fraction of the manure, operated

successfully for 36 days before being terrni¡nted. Alkalirlity and

volatile acids concentrations j¡ the r:nj-t were representative of a

well-functi-oning digester; volatj-le solids reductions ranged frcrn 47

Lo 66 per cent. Gas production was steady, averaging 2650 nt /day,

or about 10 cubic feeL/lb VS destroyed per day (624 L/kg) , ard o<lLibited

a methane content of 55?. I4ost siginificantly, and w'ithout doubt

attributable to tLre low concentrations j¡r the feed rnaterial, annx¡n-ia

nitroger¡ levels in tlr-is ðigester averaged only 630 TW/L.
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5.3 TIIIRD SERTES

Tlo confirm the successful operation of a digester bej-ng fed

the se¡nrated solids portion of tLre rrEì.nrrre, four rsrre digesters (7a,

7b, Ba, 8b) were set up to operate on fiEmlre soU-ds" Loading rates

of 0"12 and 0"15 lb vs/cf./d (L.92 and 2 "a g/r/d) were used, and to

allow a mf,re gradual acclirnatj-zation to tLre feed rnaterial, a longer

reteu'rtion tj¡ne of 15 days was selected for all four r:rr.its. Digester

r:n-its \^/ere run in duplicate" Ttre nranr:re for these digesters was

obtairred frcm barn No" 3 at the Glenlea Research Station wh-ich, at

the Lj¡re of ttre str:dy, was used for raising breeding and replacsnent

hogs. The perforrnnce of all for:r èigesters was similar to th,at of

unit 6 and after 33 days of operation, all four r:¡-its \¡rere considered

successful runs. Alkaijiniff, volati-le acids, Éf and M¡-N were all
\^ritll.in typically acceptable limits. ¡tlkalinity e>cceeded volatj-Ie

acids vi:tthin each ðigester by a factor of about 10, thereby providing

good buffering capacity. Annpnia rritrogen Is¡e1s were ccnçntible witLr

the Mr-N concentrations in the feed sr:bstrate and were well below

tlpse levels considered toxic, averagilg about 500-600 rrg/L. Volatj-le

solids reductions in all four digesters were tlpical of a well function-

ing digester, all being aror:rd 50?. Gas production was consistent,

averaging a Lrigh in r:n-it 8b of 9.5 cubic fæt/lb VS destroyed,/day

(593 L/kg/d) ard e><Lr-ibiting a netl-ane content of 68%.

5.4 FCT.IRIÍI SERTES

Sj¡rce tlte successful digester urÌits had all operated on the

solj-ds porLlon of tLre ÍEu:ture and atl fail:res had occr:rred in r:n-its
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being fed nanure from barn No" l, tests v¡ere l:i.rn on digesters beirg

fed representative samples of rnanure (solids plus urine) frcm barn

Iüo. 3. Barn No. I at thre Glenl-ea Farm was, at the time of the study,

being used in parb as a fa:rowilg facility" The wasts¡rater frcrn this

barn, r:r¡like the rnanure frcrn barn lüc" 3, tlrerefore contai-ned qnntlUles

of detergerrts, sæ.ps, lye, arul disjnfectants used in the farrcnling

procedures and subsequent clean-up" TLre possiJcility of these ccnqm:nds

being present in such quantities so as to adversely affect the digestion

process had been considered. A series of digesters (9a, 9b, 10a, 10b)

was therefore set up to lann on fllanlrre frcrn barn Iüc. 3" Ttre digesters

urere run in duplicate - tr¡c at a load.ing rate of 0.12 lb Vs/cf/d (I"92

qfi,/d) and 15 days retention, ard two at a loading rate of 0.25 lb

vs/cf/d G.0 gÃ,/d) and, in conjr.mcLion w'ith tLre h.i-gher load.ing rate, a

longer 18 day retention tjme. Perforrnance i¡¡ these four digesters was

sirnilar to that obsen¡ed for units I lß 4, altbough o¡:erational changes

were not as rapid. Ttrroughout the operating period, alkaliniÐz ls¡els

w-itLLirr the digesters were wel-l above volat:lle acids leve1s so good acid

hrffering capacity was available. Ttre high concentratj-ons of alkalinity

in tlre digester j¡rfluent may be attributable to tJ:e alkalinity levels i¡r

tLre water supply for the farm and are refl-ected in increasing operating

levels j-n the digesters. Both alJcalil-ity and volatile acids concentra-

tiops reached levels wh-ich were considered untlpical of good digester

operatj-on. Volatile solids reductions for the digesters were just over

30? and bei-ow those level-s considered. acceptable for effective dígester

operati-on. Gas production was iniLially ve4z Lr-tgh (4000 to 5300 trú/day)

and was likely due to an active sample of municipal sludge used to seed
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tLre digesters. Altlrough gas production rsra-i¡led relatlvely tr-igh for

all four digesters in th-is series (relative t¡ units in othrer series) ,

daily gas production did decrease steaðily tLrroughout the nrn. Annpnia

nitrcgen in the digester influent e><ceeded 2000 ng/L and NH3-N ls¡els

in all for:r d.igesters increased to ls¡els v¡trich \À¡ere c€nsidered

irùri-bitory" None of these digesters actually ceased operating; tL¡eir

perfornnnces \¡/ere tlpical of digesters which tr,ad faired earlier, how-

ever, and as digester failure appeared irnninent, the units were

tenninated after 36 days of operation"
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6 " SUMMAMT A}TD CIONO,USTCNüS

Ttris study was urvfertalcen as the i¡-itial ptrase in determining

thre suitability of hog r,uastes frcrn a t{anitoba hog operation as a sub-

strate for anaerobic digesti-on, and to assess tlre parameters affecting

the digestlon process and tlre gas production capabilities of tlre systen.

Ttre literature su:r¡ey and laboratory work were corducted at

the UniversiQz of l\4anitoba during tLre periods Septenber 1971 to July

L972 atñ. January L974 tþ June 1974" The resuJ-ts and ccnnents presented,

and the conclusions draurn, are based on tJ:e information obtained dr-lring

tlris time.

Þ<perjments were conducted using laboratory scale digesters

operated at 35oC witlr once a day feeåing and wlthdrawal at different

loading rates and retention tjmes. D:ring tJ:e course of ttre e:<periments,

regrular analyses of thre digesting rnaterial were conducted for various

o¡ieratlng ¡nraneters, incl-rdilg ${, a-Lkalin-ity, volat|le acids, an¡nonia

nitrogen a¡d volatile solids" Ttre quantity atd qr:ality of gas prodr:ced

were also assessed.

Ttre reader j-s directed to Section 4, EXPERIMENTAL R6ULT]S , for

a presentation of the findings of thris study, and to Section 5, DISCUSSION

OF RESULTS, for an explanation of the procedr:res and tabulated data.

C.eneral- conclusions drawn frcrrr the str-rdy are as folLows:

I. All digesters j¡r tLre study which were fed wastes containing

appreciable quantiti-es of r:rine (ie. r:nseparated rnarn:re fractions) faifed.

2" Di-gesters operated on substrate frqn rn¡trich the najority of

the urine fraction had been renoved were all successful runs. The
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NHI-N, volatile acids and alkalinity concentrations in tlre feed
J

rnaterj-al were all ccnsiderably lower tlran tLrose concentratj-ons in

the feed material (r:rine plus feces) for other digesters.

3 " M3-N c-oncentrations i¡r tlrose r-urits v¡l'rich failed i¡rcreased

to lq¡e1s t¡¡trich \^Iere considered to be irrhr-ibitory for effectlve digester

operation. At M¡-N concentrations ecceeding 2000 ng/L and corres¡nrding

pI levels of 7 "5-7.7, annonia gas is considered to be the j¡hibitory

form of annpnia"

4. In all digester urr.its, alkalir:-ity levels o<ceeded r¡olatile

acids concentrations, ttrereby prcnzidÍ.:ng buffering ca¡ncity at all tjmes"

In tLrose units th,at failed, the r¡olatile acids concentrations progïes-

sively app:rcached thre alkalinity ls¡e1s as fai}¡re becanre npre i¡rni¡rent.

In the successful digestion r:nits, alkalinity e<ceeded the r¡olatile

acids by app::oxirnately a factor of 10 throughout the o¡:erating period.

5. Soaps and detergents present in tlre nrarrure frcrn Barn No" 1

were not tlnught to have contributed to di-gester fa-ilure since units

operated on rrErnrlre f::om Barn Iüc" 3, vùrich dj-d not contain soaps and

detergents, also e<fribited signs characterisUlc of digester fai}:re.
6. AltLrough sufficient data was not accr¡rnrlated to observe a

definite ¡:attern, it was noted tl¡at for the successful d.igesters, a

decrease in the retention time appeared to j¡rcrease the gas production

h:t reduce the percent methane in tLre gas. Also, an increase in tLre

loading rate appeared to increase the percent nethane in tLre gas" ttris
does not agree ccrnpletely \dú tlre findings of other researchers (6) 

"

7. Gas production frcrn digesters operating on the separated

solids portj-on of the nnnure averaged 8"8 to 10.4 cubic feet/lb \Æ
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destroyedrzday (549 tß 649 L/kg/d) and for one digester reached a

mærirnl.m of L2"1 cubic fæL/1tb VS destroyed/day (755 L/kg/d) " Mettnne

content of the gas averaged 55-68%.

I " Consj-deratj-on nay have to be given to renoving tlre urine

fraction of the rrnnure frcrn the waste material i¡r order to al1ow

effective digestion to proceed r:n-less the problsn aptrErently attributable

to M3-N level-s j¡r t.l:e r:ri¡re fracti-on can be overccrne by loading rate

and retenLlon Lime nndifications. Other researchers have found thrat

digesters operating on hog wastes contairrilg r:ríne are seldcrn successful

urrless loaôing rates are very low (<"075 lb Vs/cf/d (1"2 g/Vd)) and

retention tjmes are fairly high (>-22 ðays¡ (23) .
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APPNüDIX A

PROGD{JRE FOR DETEFMfN]NG VOII$TT,E ACÏDS

US]NG A HAGI DR COIORI¡4ETER
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PROCETXJRE FOR DETERI4IN]NG VOI,ATTIE ACIDS

USING A HACIT DR COT-,ORTMETER

1. A sample is clarified by centrifugatlon"

2" Pipet ecactly 0"5 mL of sample, or an aliquot diluted to 0"5 mL

with¡ dsnineralized waten, int-o a clean test trrbe.

3 " Into another clean test tr¡be pipet e><actly 0.5 mL of deni¡renalized

water"

4. Add 1"5 mL Ethylene G1ycol (ar¡all¡tical reagent) to each tube"

5" Add 0.2 nL of 19"2 N H2SO4 to each tube. Mix well by sw-irling"

6" Heat i¡r a boiling water bath for e>ractly three rninutes.

7. Inmediately cool in cold water"

8. Add 0.5 mL Hydro>q¡lamine Hydrochloride solution ([IÃCU Chrsnical. Co")

to each tLrbe.

9. Add 2.0 mL 4.5 N NaOH to each ü:be. Mix well by srdrling.

10. Tlo each of t:vço clean colorimeter bottles (supplied with r:rLit) add

10 mL Ferric Chloride Solution (IIAC{ Ctrsnical Co.) "

11. Pour the contents of the sanple tr:be j¡rto one colorimeter bottle

and tìe prepared dsnineralized water blank into the ott¡er.

12. Add 10 mL water to each bottle. S\¡/irl to ÍLi:<.

13. Al-Iow to stand 5 ninutes for color derzelo¡ment.

L4. Place the prepared dsnineralized water blank j-n the light cell.

Insert the volatile acids meter scale and use the 4445 Col-or Filter
(both supplied with r:n-it) . .Adjust thre light. control for a meter

reading of 0 ptrm.

15. Place the prepared sanple in the light, cell. Read tL¡e volaLlle

acids as p¡xn acetic acid.
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Volatile acids in thre range 0 to 3000 ppn as acetj-c acid can

be detenni:red directly using the a-bove method" Higher values can be

deternr-i¡led uslng sta¡dard diluLion procedr:res 
"
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APPBTDD( B

MBULATED ÐGERIMENTAL RESULTS
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GLENLEA Hæ BARN INFOFMAT]CT.]
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4" protein supplqnents of ¡ntassir-m, calcitun, Iimestone,

bonsneal and multj¡nineral salts (copper, cobalt, zírrc,

iodine) 
"

Feed-Rite (Feed-Rite }lills Ltd.) ratio e<hibits tlre followjng guaranteed

analysis:

FINISI{ER GRCII]ER

Type of hog:

Residence:

Feed Ration;

Cnrde Protein (min.)

Cnrde Fat (rnin.)

Crude Fibre (max")

SaIt lüaCl- (actual)

Calcir¡n Ca (actual)

Phosphorus P (actual)

Zinc Zn (actr:al)

Vitamin A (min" I"U",/lb.)

Vit¡min D (min. I"U./lb")

Arsa¡-il-ic FcJ-:d (q/fÐn)

BARN No" I TNFORMATION

Gronaring and FinisL:-ing

Approxjrnately 600 hogs

High protein concentrate (16-20?) ccnqnsed of

1" alfalfa, OR

2. barley and wheat, OR

3. only barley, PIUS

14.003

3.00a

10.002

0"35U

0.653

0.45?

0 " 00542

1000

300

16.00?

3. 003

8"00u

0.252

0.752

0"60%

0 " 014u

3000

1000

90
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Tlace rnineralized salt arnlysis in

Salt (NaCl)

Iodine (I)

Cobalt (Co)

Iron (Fe)

Coppen (Cu)

l4anaganese (¡4n)

Zira (7r:)

feed ration (0"353 - 0"252)

96 " 500u

" 0lou

.004å

.1602

.033A

.L202

.400u

Farrcrwing is practiced in this barn therefore ttre waste cr¡ntains

washr,rater and detergents frcrn tt¡e wash rocm.

Detergent use: L5-20 gallons used per year

Detergent t14:e: !{ood's pj¡re Disinfectant

!,Ioodrs Concentrated Soap

Gillett's Lye

Ca¡ada Packers Sterling Soap

I¡Iash water: Contai¡s Calgon water softener
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BARN }üo. 3 INFORMATICN{

Tlpe of hog: Breedlng and RepJ-acsnent

Residence: Approxirnatety 250 hogs

Feed RaLion: Iow-medir¡n protei:r concentrate (10-122) crmgnsed of

1" grajx screenings, 9B

2" alfalfa hay, OR

3. oats and barley, OR

4" a ccnrbination of tLre above.

Feed-Rite (Feed-Rite Mj-LIs Ltd" ) ration ocLribits ttre following gi:aranteed

analysis:

GESTATTON IÄSI¿IITOT{

Or:de Protein (nli¡r.)

Crude Fat (min.)

Crude Fil¡re (rnax")

Salt NaCl (actr.nl)

Calcir¡n Ca (actr:a1)

Phosphorus P (actr¡at)

Zínc Zn (actual)

Vitamin A (mi-n. rJJ./Lb")

Vitamin D (nLirr. r.U.Ab.)

14.00u 16.00?

3.00% 3.003

10.002 8.00u

0.30u 0.252

0.802 0 .75e"

0.60u 0.602

0.0076? 0.0076u

2500 2s00

600 600

77



TTace mj¡reralized salt analysis

Salt (NaCl)

Iodine (I)

Cobalt (Co)

Iron (Fe)

Copper (Cu)

Managanese (¡4n)

Zinc (Z¡rr)

in feed ration (0"35% - 0"25<) z

96 .500U

" 0102

.004%

.L602

.033?

.L202

.4002

Waste from this barn contai¡rs no detergents"
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APPB{DIX D

SUPPLY VATER GTARAC1ERTSTICS
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SUPPLY VNTER GIARACIERTSTTCS

Ct¡aracteristics of the weII water supply to the G1enlea hog

barns, as provided by the }bnitoba Departnent of Health (Ar:gusL 4, L965)

sanples, are as fo1lows. The Winn-ipeg city water characteristics are

also provided for ccnçnrative Frrposes"

Source of hlater

Glenlea I{elI Vüiruripeg CityAnalysis

Nitrate

Tìotal Flardness
Calcir¡n Carbonate (ppn)

Tlotal Alkalirl.ity
Actual calcir¡n carbonate (ppn)

Bicarbornte (ppn)

Carborr,ate (ppn)

Ér

Conductivity
Dissolved solids (ppn)

Calcir¡n

l4agnesium

254 107.0

NiI

620

208

NiI

7.6

4s00

144

63.2

Nil

96 .3

87.5

Nil

6.9

Lzs

25.2

8.1
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APPENDIX E

TED RATE CAICTILAIMCD{ Ð(AMPLE
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FMD RATE CÄLCUI.ATTON

Following is an e<ample of how the feed rates were deternrined.

Althcugh tlre nr¡nbers are representaLive, they do not pertain to any

one specific digester in tLr-is project"

Assurptions

Digester volume 4 litres
Ioading Rate 0.12 lb w/cf/d (L"9 g/r/d)
Retention Time 12 days
Residue Analyses of nnnure

Trotal Solids 4"02 = 40 000 rW/L
Volatil-e Solids 802 = 32 000 Tq/L

= 32 g/L

Ioading Rate = 1.9 g VS/L/d
= 7 "6 g YS/A-L digester/d

Sr:bstrate required = # = 237 *tL

Hydraulic Retention Time (12 days) = Digester volune (4000 mL)

Feed vo}¡ne = 333 Írl/d

So daily feed addition requires 237 mL nanr:re sr.:bstrate
plus 96 mL water.
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APPENDIX F

ENERGY POIM{TTAL OF Hæ WA^STES

B3



Ð{ERGY PCIBITIAL CF HCG I/BSTES

An inportant end product of ar¡aerobic digestion is metlnne gas

(Cri4) " Mettnne, a highly ccnrbustible gas, can be adapted for heating,

dcmestic uses, and as an energy source for internal ccmbustion errgines"

The resul-ts of the work done indicate th¡at an average of

approxlrrately 1400 cr:bic feet of gas can be produced for ozerlz ton

of hog marìu.re processed (43 500 liúes/metrj-c tonne). Sludge gas has

a heatjng value of 600 to 750 B.t"u" per cubic fæL (22 300 to 28 000

Joul-es/litre) (25) " The sludge gas produced fr:crn one ton of ntu:u-rre

contains heat enengy eguivalent to 18 por:rds of gasoline or 13 por:rds

of coal (9 kg or 6"5 kg/rrct'ríc tonne, respectively) (25, 26, 27, 28).

The hog lrËurrre being produced in Cänada therefore has an approxinate

potential equivalent of scnre 90,000 gallons (400 000 litres) of gasoline

per day.

Slmilarly, the resul-ts of the laboratory testing have shcn¡¡n tì,at

approxi:nately 5 crbic feet of digester gas can be produced for q/era¡

pound of vol-atile solids fed to the digester per day (310 Litres/kg/d) ,

or roughly 5 cubic feet (140 litres) of gas per hog. At a methane

conterlt in the gas of 682, a 1000 head hog operaLion coul-d produce

about 3400 cubic feet (95 000 litres) of metLrane gias per day. The

heating value of one cubic foot of pure mettlane is 1000 B.t.u.

(37 250 Joules/litre) (29) . Ttrerefore, the ¡ntential heat value of

the methane frcrn a 1000 head hog operation is about 3,400,000 B"t"u.
o

(3.6 x l0' Joules) . If this is coin¡nred to heating oil witl. a heat

value of about l-40,000 B.t.u./9al1on (3.25 x l-07 Joules/litre) (27) ,
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tlre daily heat production from a 1000 head hog operatlon woul-d be

equivalent t¡ about 24 galLons (11-0 litres) of heati¡g oil.

These figr:res are of course based on laboratory oçerience

ald in actual practise a ¡nrLion of this potential energy v¡culd be

used to rnai¡rtaj¡r an effective operatilg tenperatr:re in the d.igesten

and for operating pLrmps, nrixing facilities and other related equi¡ment"
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