
.~ . ,_ -· 
' 

-----------..) === ............ 
--.)= 
.J;;..iiiiiiiiiii = -== -­~ 

V'> 
m 
-o 
0 

(.a.) -c..o c..o 
00 

:0 
~ 
~. 
< 
~ 
0' 
'< 
m 
:0 

I 

~I ~-

L 

Microbiology 
of 

Landfill 
Sites 

Editor 

Eric Senior, Ph.D. 
Lecturer in Applied \licrobiolog~ 

Depanment of Biosci.:n~.: and Biotechnolug: 
Cni,.:rsity of Strathdyd.: 

Ulasgn.,., Smtland 

17?o 

0 
CRC Press, Inc. 

Boca Raton, Florida 

~ 

U\ 
(§ 
~ 

~ 

• ·-~ ·-~ ......... _T~·-rt!er . ..,.,....,,_.V".'"""'",..,..., r...:~~~.r..-·~·' 



11 : .• f ; 

~ 

.~ .. 
~· 

113 

Chapter 5 

LANDFILL GAS 

Eric Senior and George B. Kasali 

TABLE OF CONTENTS 

I. Introduction ................................................................................................................ ll.t 

II. Control and Optimization of Methanogenesis ........................................................... ll.t 
A. Melhanogenic Pathways ................................................................................... ll.t 
B. Metabolic Requirements ................................................................................... I 19 

I. Production Constraints ............................................................................ 119 
C. Methane Fates ................................................................................................... 1.:!1 
D. Methane Optimization ...................................................................................... 121 

I. Refuse Composition and Pretreatment .................................................... 1.:!.:! 
2. Moisture Content and Refuse Density .................................................... 123 
3. Temperature ............................................................................................ 130 
4. pH and Alkalinity .................................................................................... 13-t 

a. pH .................................................................................................. 13-t 
b. Alkalinity ....................................................................................... I .tO 

5. Role of Hydrogen .................................................................................... l.t.t 
6. Effects of Carbon Dioxide and Methane ................................................. l.t6 

E. Site Strategies ................................................................................................... 1-tS 
F. Alternative Gas Generation Strategies .............................................................. l.t8 
G. Gas Abstraction. Treatment. and u~e~ ............................................................. I :'iO 

I. Abstraction ............................................................................................. ! ~(I 
2. Treatment and Storage ............................................................................ ~ I 
3. GasUses .................................................................................................. :~2 

References . ......... . .................................................... I 52 



• t:-4 Microbiolog., of Landfill Sires 

I. INTRODUCTION 

Traditionally, landfill gas, which may be constituted by more than 80 different components 
(Table 1),1~·195 has attracted linle attention, although as the composition, particularly the 
methane content, has changed with time, due essentially to changes in refuse composition and 
site practices, it has increasingly been regarded both as a liability as well as an energy recovery 
opponunity.s-1 Particular problems of uncontrolled gas release, by convective flow due to 
pressure gradients,.. and by molecular diffusion due to low gas concentration regions, include 
odors,•.~•• explosions and fires, groundwater acidification,12 and reduced crop yields. including 
complete diebacks,u due to a combination of factors such as sensitivities to carbon dioxide, 
methane, oxygen limitation, elevated temperature,1 hydrogen sulfide, ethylene, and mercap­
tans. u In an anempt to minimize these problems, control of lateral gas migration from shallow 
sites. which may be monitored by aerial thermophotography,••to comply with discharge limits 
such as 5% (v/v) at the site boundary." may be effected by use of gravel-filled cut-off barriers 
or trenches. For deeper sites (>6 m), however, gas abstraction systems or air injection systems 
have been shown to be more cost effective.1 As an alternative, gas seals of natural materials or 
fabricated membranes may be employed, although these represent considerable unrecoverable 
expense.•• Conversely, vertical gas migrations may be controlled comparatively cheaply by use 
of low pore-size soils, panicularly clay soils, 7 although these do present potential problems for 
gas monitoring.11 

Once controlled. the possible environmental impacts of the gas may be negated by either 
flaring 11 or soil sieving. 19 Soil sieving, which tends to be more effective in winter, 20 involves the 
use of low pore-size soils. first to trap and then to oxidize. by aerobic intervention, the reduced 
malodorants.9·19 

Although still largely untapped, the methane content of landfill gas, which was recognized 
as long ago as 1934 by Jones and Owen,21 does represent a reservoir of tremendous potential 
since it has been estimated that annual productions in the U.S. and U.K. now exceed 200 billion 
ft' and 2000 million therms. respectively.21 The attractiveness of using this gas as a source of 
energy can be readily assessed by consideration of the increasing volumes of natural gas 
recovered by man which in 1965 accounted for 520 million m1, although by 1979 this total had 
more than tripled.n Until recently, biogas has often been regarded as an asset, without detailed 
consideration of the costs entailed in realizing the energy potential of24 MJ/m3,21 although until 
used or sold, it is a waste product and, as such, represents a liability. 

II. CONTROL AND OmMIZATION OF METHANOGENESIS 

A comprehensive understanding of the microbial ecology of methanogenesis within the 
refuse mass is fundamental to either control or optimize gas production. 

A. METHANOGENIC PATHWAYS 
In view of the diversity of methanogenic precursors (Chapter 2) it is perhaps pertinent to 

identify the pathway(s) operative within the refuse mass. In anoxic environments, other than 
landfill, it has been estimated that 70% of all methane generated is derived from acetate,u-26 with 
the remainder from H,JC0

2
• and, to a lesser extent, formic acid, HJCO. propanol, methanol, and 

methylated amines.21 1n the presence of high concentrations of sulfate, however, methanol and 
methylated amines have been shown to replace acetate as the major methanogenic precur­
sors.ll-lO Also, two mechanisms of methanogenesis from methanol have been described. 
depending on the presence or absence of acetate as a cosubstrate.11 A simple radiotracer study·'l 
with refuse cores showed that of the three substrates - acetate, bicarbonare, and methanol -
the highest rates of methanogenesis were recorded with methanol (Table 2). However, since the 
pool size of methanol in the refuse was below the limits of detection, then not only could the 

., 
~~,' 

TABLE I 
Constituents of Landfill Gas1 ... ·195 

Concentration ranee 

Volome 'iC ppm 

Ace lOne 32.S 
Argon 0.01-0.0S 
Benzene 0.08-0.11 s.s 
c,-subsliluled benzenes '1.8 
C, -subs1ilu1cd benzenes 7.6 
Bu1yl benzene ll.llb.\-0.1 JK 
Bu1yl benzenes 0.032 
Dichloro benzene ~.I 

Dichloro benzenes 0.1116 
Elhyl benzenes 21A 
Pcn1yl benzenes 0.018 
Propyl benzenes 0.069-0.120 
n-Bu1anc 0.006 18~ 

iso·Bulane 0.()().1 122 
Bu1ane lhiol 
1-Bulene 18 
Bu1yl alcohol S.2 
Bulan-1-ol :>0.01'1 
ist>·Bulllll-1-ol >!I.OOS 
Bu~an-2-ol >41.012~).21 (I 

Bulan-2-one ll.fl1l~.ll16 

Carbon dioxide 31!--10 
Carl>on leuachloride 0.1111 
Chlorororm 0.61 
Decancs ll.lliii~US2 

n·Oecane n.t~5-fl.l ~n 

~cenes CI.UI~-H.It'l~ 

1.1-Dichloruelhane ... 
r-1.2-Dichloroelht:nc ·~ 
Dkhlorodiflu.Jrumc:thanc IJ.fJ!~ 

Dic1hyle1her l1.U~fl 

Disulfidcs ll.'J.l-1.65 

Dime1hyl sulfide ll.IMJ.I.-H.IJ.III 
E1hane 1:! 
E1hanol 11.6511 

Elhyl ace1a1e llHlK---HIIt>l 
E1hyl bouanoale ll.lM>I· ll.lll~ 

2-Eihyl-1-ht:xanul fl.: 

Elhyl men:ap1an : i i 

E1hyl pemanoa1e ::1;,!-

E1hylene _:,. 
llep1ane H.~91--H ~."ill 

Hcp1ane• 11.111~--HtMI~· 

n-Hexane ll.I2K 11.()(.1 

Hexanes 11.01~ 

Hexenes n.tMl2o 

C, -C,. hydrocarhons 11~.2 

Hydrogen sulfide Cl.lMli7-MII 
Limonene :t .. : 
Mercap1an •uhur 11--U .. t.' 

Melhane ~~~.-~ .. 
Methane lhiol utUC' 

Mel hanoi II . .:! III 

Me1hyl elhyl ke1nnc _:; : 
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TABLE 1 (continued) 
Constituents of Landfill Gas1...,

195 

2-Methyl-nunn 
Melhyl pen.­
Mclhyl Slyrenc 

Niuogen 
Nonanes 
•-Nonlnes 
Nonencs 
II -Octane 
OcwiCS 
Ocrenes 
Oxygen 
n-PenWie 
iso-PenWie 
Pen Janes 

PenWI-2-one 
Pen:hloroethylcne 
Propane 
Propan-1-o I 
Propan-2-ol 
Propyl cyclohcxancs 
Sulfides 
Terpene 
Terpenes 
a-Terpinene 
Tettachloroelhylenc 
Toluene 
1.1.1-Trichloroethane 
Trichloroelhenc 
Trichloroelhylenc 
n-Undecane 
Undecancs 
Undeccnes 
Vinyl chloride 
Xylene 
Xyleoes 

Concentration ranae 

Volume,. 

0.064 

0.206 

0.014 
0.01 

0.007 

0.041-1.110 

0.05---{1.09 

ppm 

6.9 
0.022 
0.015 

0.03 1---{).100 
0.019--{1.083 
0.012---{).021 
0.~.012 

0.009--{1.0 15 
0.004 

196 
83 
0.040 
0.004 

19 

·~· 0.073 
0.017--'!.046 
0.004--'!.005 

12.4 
0.033 

11.1 
0.00]---{).030 

150 
0,018 

13 
O.QII 

0.021--'!.051 
0.048-'!.164 
0.034--'!.05~ 

44 
14.9 

0.036---{).077 

absolute rates not be determined, but also lhe relative rates must be questioned. In a similar study 
by Kasali33 the methanol and acetate pathways were again shown to be dominant. ahhough in 
!his case lhe rates of conversion were found to be comparable. Unlike lhe first study, however. 
an operative NaH .. C0

3 
palhway was also detected. 

Allhough neilher of these studies resolved lhe question of lhe relative contributions of the 
different melhanogenic palhways. Hocks and Borst34 exemplified lhe role of acetic acid in 
landfill gas generation when !hey reported !hat melhanogenesis was accompanied by a decrease 
in leachate acid concentration. Subsequendy, inhibition of melhanogenesis was shown to result 
in an increase in lhe concentrations of short-chain fatty acids in lhe leachate. These results were 
perhaps not surprising since it has been reported !hat during lhe anaerobic dissimilation of 
organic compounds, in ecosystems olher !han landfill. lhe production and utilization of ace1a1e 
are quantitatively lhe most important metabolic steps.3s Under anoxic conditions. acetate can be 
produced, by lhe intervention of single species and interacting microbial associations, from a 

-~ 
~~ I 

.. ·' I 

·!A\ 
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TABLE2 
Methane Generation Rates from Labeled Precursors 

~Conversion of ["C) Label/g Wet Weight/d 

lu-"CI Acetate NaH"CO, l"C1Meth1111ol 

0.09 BD 24.55 
0.03 BD 2.35 
0.41 BD .U.58 

Not~: BD denote> ~low detection. 

Senior, E. and Balba, M. T. M .. unpublished observations 

variety of substrates including carbohydrates,J6 aromatic monomers;" vola1ih: fany acids, •• 
alcohols/9 and HJC01 ........ 

1 The formation of acetate from many of the~e substrates by 
fermentative bacteria. however. usually requires the presence of hydrogen sink organisms. such 
as sulfate-reducing bacteria and methanogens. to maintain, overall. a negative free energy 
change. 

Examination of the role of this key intermediale in the m·erall mineralilalion oflhe rdu>e wa~ 
made by Coutts•~ with a hexanoic acid-dissimilating microbial association i,olaled irom 
landfill .... In the presence of sulfate, hydrogen. the (3-oxidation product of hexanoale and 
bu1yrate, was competitively utilized by the component sulfate-reducing bacteria. whr:rca> in 1hc: 
aosence of sulfate, an interaction between hydrogen-utilizing acelogenic and melhanogeni.' 
bac1eria facilitated hydrogen removal, wilh acetale catabolism res1ric1cd 10 1he mcthanugenic 
bacteria (Figure I). Since, as speculated by Rees,•~ melhanogenesi~ from UJCO, i> probably 
limited by hydrogen availability in landfills, lhe dominanl palhway WO~Id appear IO be 
aceliclastic methanogenesis. 

In view of the dominance of acc:tale a~ 1hc major mc:thanogcni~: prc:~:ur>nr in ;an .. \lc· 
en1 ironmenls. it is perhaps surprising I hal melabolism oflhh molc:culc: h'" hc..:n d~h:.:t..:J ir;. •ni~ 
1\\0 genera, Methanosardna and MethanothrixW-'".!l' 

By use of the methanogenic inhibi10r 2-bromoethanc:,ulfoni~: a..:id. Kasali · d..:mon,1ra1..:d 
1ha1 an operative methanol melhanogenic pathway wa, pre.c:m in fermc:nung n:fu,..:. lhu, 
contirming the potential indicated in his radimracer >tudic:s. Allhough 1hc: aciUal ~pc:cie, 

in,olved were not identified, it has been shown2" that Methwwsardna barkt•ri and .'vlt•thattoccJt·· 
ctt5 ma:ei both effect this conversion. In landfill. lhe mosllikely sources of me1hanol are lignin 
and lhe hemicellulose, peclin. Although differen11ypes of pectin may he: recognized. es~emiall~ 
1he molecule consists of rhamnose and unbranched chains of a-t 1-~ • glycosidi~:ally linkc:J 1 •· 

galacturonic add unils which are cilher partly or complelcly c:Meriflc:d 11 ilh melhanul. h, Ill<. 

at"c:ncc of oxygen. species ~uch as Clo.w·idittm hwyrimm dc:melho\~ late the pol~ mer I'~ ,,,, 

of peclin eslerases which splil the melhyl-c:slc:r bonds 1o liberal.: mc1hanol.'' In landliii th,· 
pmemial exist~ I hal I he >ulfate-reducing bac1cria and mclhanogerh c·ompclc lor mcrh~••• ., 
Kasali." however. showed lhat in ntdiolabeled rc:fu,e core sample,. me1hanol ,,a, u>mpkkl:· 
converted to methane. thus agreeing with earlier reports for anoxic >all marsh sedimcnbc 

In addition to the three me1hanogc:nic subs1ra11:s- a~.:etale. bi<.:arbtmalc: and mc:tham•i -
me1hylated amines have also been examined." Mc1hyla1ed amine:,. w hid1 ma~ he gcncr;cr,·d 
eilher from lhe dissimilation of molecules such a> choline. aea1inc. and helaine. or hy bal·latitl 
reduction of trimethylamine oxide.': have been shown 10 he >ignifi~.:am source' of mclh~nc in 
a \ ariely of anoxic ecosystems.'"·" :\hhough the melhyl group, nf 1rin11:1hylaminc and 
monomelhylamine have been shown" 111 be reduced 10 m.:1hane h~ 'JlCcie' ,u.:l1 a .\tt·thcttto· 
.\cll"ollllt har~t·n. Kasali'· ~<as unahlc: lo detel:l amonomcth)laminc pa1h11a~ in rcfu,, ,on: 

._t .. . , ... , ,., .......... "'""'-"t.V"".r.-·~;..·····"';1• 
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FIGURE I. Scheme for anoxic heunoaiC calabolism by an inlcncli"'l ossocia­
lioll. isotalcd from lalldflll." in 'lllbicb lhe heunolue-clllabotizina species and sulfiiC­
reducing beclcria or bydrogen-ulillzingiCeiOJeriS formed obligalc finl-tier ossocia­
liolls in lhe pn:sencc IIIII ablcacc of wlt.le, rapec:tivcly. These species together wilh 
lhe me1hanoaenic bacteria then constituted aii«<OId-tier association. The solid Jines 
repmcm babiw domains, and lhe broken lines activily domains. Hydrogen uliliza­
lion wu closely assocWcd wilh lhe babiw domains of lhc fusl-licr ossociatiCHis. 
whereas acewe catabolism wos more prominem in lhe second-lier in1eraclions." 
(FromCouas, D. A.P .. Senior. E., and Balba. M. T. M •• J.IIppi.BDCt~rio/ .• 62. 251. 
1987.) 

samples. Conversely, a trimethylamine pathway was detected, and this, together with the fact 
that the molecule has been found 10 be present in landfill leachate, 55 suggests that this pathway 
is operative in landfill. In this situation the most likely source of trimethylamine is betaine, which 
is a constituent of plant and animal tissues. 

Although then: has been a paucity of studies on refuse catabolism, it may be speculated that 
it is only a matter of time before most, if not all, of the methanogenic pathways are con finned 

in landfill. 
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B. METABOLIC REQUIREMENTS 

Despite the great diversity of morphology, of the increasing number of both genera and 
species of methanogenic bacteria, together with physiological and kinetic differences. these 
bacteria do share unifying physiological and biochemical features~'.16·"'·'"""' such as their high 
substtate specificities and their unusual array of cofactors including coenzyme M."' f,w"' F,.,. 
and F J,ll' 

63 Other unique propenies include the requirement for a low redox potential( <-150m V 
and. in some instances <-330m V) the presence of coenzymes 7 -methylpterin. methanopterin 
(2-amino-4-hydroxpterine), .. methyl-tetrahydromethanopterin. and methanofuran; the dis­
tantly related 16S rRNA compared with other prokaryotes; the differences in the common ann 
of the tRNA; the absence of both D-amino acids and muramic acid in their cell wall; the lipid 
components of phytanyl ether glycerols and squalenes; the low genome size; the absence of 
quinones and the presence of cytochromes in only a limited number of cases; the po5session of 
a novel C02 fixation pathway;6S-67 and the presence of a possible phosphorus reserve material. .. 

In addition, these species have common growth requirements for inorganic sulfur,••·..,_,_, with 
3 mg/1 sulfide and 0.88 rnMtotal sulfur required for methanogenesis from COjHl and cellulose. 
respectively; 70 ammonia," which may be facilitated by fonnation of microbial associations with 
amino acid-degrading bacteria;" and trace elements such as iron, cobalt. and, more panicularly. 
nickel which is an essential component of the coenzyme F,JO. Although all of these requirements 
are either present at refuse emplacement or are generated during subsequent catabolism. it is 
possible that, with time, they may become limited. 

~lethanogenesis, with one exception.~• requires a near neutral pH and although this. 
according to Robinson and Maris,76 could be facilitated by the presence of ammonia. it has been 
suggested77 that there is a temporal separation of fatty acid and ammonium production> in 
landfill. This inference was, however, drawn from data of relative concentration~ of fatty acid> 
and ammonium and not from a definitive experiment. Nagase and Matsuon have. in fact. 
presented good evidence to show that in anaerobic digesters microbial associations exist of 
amino acid-degrading bacteria and methanogens. Thus. it may be speculated that similar 
interacting associations could be present in hindfill. 

I. Production Constraints 
Despite the availability of essential requirements. the landtill eco~ystem dOl!~ repre>cnl .m 

extremely competitive and hostile environment to the methanogens t Figure 11:· Farquhar ~nd 
Rovers 12 defined three groups of interacting factors lA. B. and Cl which affect ga~ productum 
in landfill. Group A factors (temperature, aeration. moi;.ture ~:ontent. E •• pH. alkalinu~. 
nutrition, and toxic compounds) were regarded as features of the immediate microbial environ­
ment of the methanogens, within which gas generation occurs. These variables are not. howe' er. 
static. but change in response to both the Group B factor of infiltration and the Group C fac1ur' 
of air temperature, atmospheric pressure. placement and cover. prcdpitatinn. topograph~. 
hydrogeology, and refuse composition. Of all these variable>. Farquhar and Rm-cr' · · 'l~<:ruiJ!.:d 
that >orne control may be exerted during landfill design and operation un rcfu>.: clllllP•"II""l. 
hydrogeology, topography, placement. and cover. As a result of development> 111 rclu-·· 
handling and landfill practices. however. consideration >hould also be given to lac· tor~ ,uc~ ..• 
pretreatment. emplaced density. and exposure to air. 

Within the refuse mass. interspccies competition is a maJor de11:m1inant sin.:c .:omi~<:IIIHlll 
with reductive-deaminating. nitrate-reducing, and sulfate-reducing ba~:teria for cmnmon pre 
cur..ors. particularly electron donors. may be regarded a> the major Clln,traint of mcth"n,· 
production. Thus. in the presence of exogenous electron acceptors su~:h ;a, nitrate and >UIIatc·. 
sequential utilization (NO,·> SO/> HCO,· is apparent. the actualurder of "hich ma~ he 
predicted on thennodynamic grounds according to the increment nf energy liberated from .o 
common electron donor as it is oxidized by each of the acceptors.1

" Predict inn, 'tu:h a' the -c 

~ -~··~•· .., ·~ _ .. HMWfW .. 
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must be made with a degree of caution, however. since other factors. including ldnl!tic 
considerations, substrate uptake, and subsequent transpon, all play key integrdl roles. 

In addition to exogenous inorganic electron acceptors, many other chemicals may be pre~em 
in refuse to challenge, either directly or indirectly, methanogenic bacteria.12-"'u1 For example, 
chemicals such as chlorinated hydrocarbons and detergents are directly toxic. as. too, are heavy 
metals, although here the presence or absence of chelating or precipitating anions and the pH 
regime must be considered. Despite the potential toxicity of heavy metals. it has been reponed 
by Ehrign that their presence in solid waste does not inOuence the sensitive methanogens to a 
high degree. 

Together with these constituents, products of refuse catabolism can abo exen direct and 
indirect inhibitory effects. For example, an extremely lo\lo panial pre~sure of the fermentation 
product hydrogen must be maintained, by interaction of proton-reducing bacteria with obligate 
hydrogen sink bacteria.•·'-"" to facilitate favorable thermodynamic conditions and, so, prc,~nt 
accumulation of reduced organic acids such as propionic. lactic, butyric. valerie, and caproic 
which could prove inhibitory, either as a concentration and/or pH effect. to subsequent catabolic 
processes, panicularly methanogenesis. If the hydrogen sink is provided by sulfate reduction. 
then the production of un-ionized hydrogen sulfide poses a direct toxic threat to methanogens 
at concentrations in excess of 50 mg/1,1-lalthough even the presence ofnomoxic concentrations 
may inhibit methanogenesis by precipitating essential trace elements. In the absence of suliatc. 
however. sulfate-reducing bacteria may act as syntrophic acetogen •. on intermediates such a' 
lactic acid or ethanol, by switching from sulfate reduction to hydrogen formation by proton 
reduction."'·"' Finally, although methanogens have an obligate requirement for ammonia. the 
co!lcentration must be maintained below the minimum inhibitory value nfOA g/1.'' 

C. METHANE FATES 
Once formed, methane. which if not removed. may effect product inhibition.'" potentially 

may be reoxidized to carbon dioxide by sulfate-reducing bacteria ... methanogen!t.'" or ac:rnbic 
methanotrophs 17 prior to recovery f Figure 3 l. 

1>. \IETHANE OPTIMIZATION 
According to Steams and Wright1 methane has a theoretical maximum pmJu.:tinn of o.:rit> 

m~/kg refuse, although volumes as high as OASO m'/kg wet r~fu,~ a~ n:l·ei,~d ha\c l'<:c:n 
calculated by other workers ... ' Estimates like thc:~e are usuall~· dctennineJ by u•e of an equatmn 
such as the following: .. ' 

( 
b c 3d c) j a b ' CaHbOcNdSe + a - - - - + - - - H.O _.. - T - - -
4 2 4 2" ~ 8 ~ 

~ _: )CH. 
8 ~ 

+ - - - T - + - + - co. ~ dNH T (H,S (a b c 3d e) 
28484' '. 

or other kinetic models.' Thus. theoretically. the: .,-.incralization of paper shuuh.l r~,uh u; '. 
CH, and 49% CO, while the dissimilation of fat should gi\'e 71 <;f. CH, and :!9<:\ CO,. B~ u-;n~ 
an ~quat ion such as this, then theoretical predictions of potential gas volumes rna~ be-made.,, uh 
respect to changes in refuse composition. However. as discussed by Ham ... ' calculations of thl· 
type are based on a number of assumptions which are not \'a lid in the refuse ma~s. Speciticall~. 
assumptions are made so that (I I complete mineralization of all rcfu~e ..:nmptJ'lcnh re.ult·. · 2' 
two products only. methane and carbon dioxide. arc formed. t 3 l a balance of ,ub>trat~· Jlld 

nutrients is available at all times. (4) and no pnnion of the dissimilat.:d rcfu,c compunem, i~ 
utilized for cell synthesis. As a consequence. Ham'" ~ugge,tcd that a more rcali,ti..: c'timate for 
recoverable methane was 0.(147 m'!kg. with the discrcpanc: acwunted fnr hy a .:ombinati• r. ,,f 

·-~-._·~·- =- . .....,..,. w ..- ;u .. : ; s c 4# IU¥. I 2. tQt QJS) .£ • 
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Methane fates in the landfill eco•ystem. 

factors such as the production constraints and gas fates. discussed above, losses between 
withdrawal wells or near site boundaries, and gas generation at times other than during active 
refuse fermentation when gas recovery was unlikely. Ham"" comprehensively reviewed gas 
production rates from municipal refuse by examining 38 reports in which laboratory studies, 
lysimeters, pilot-scale landfills, and teM landfills were used to examine gas generation from 
untteated refuse and digested refuse (with and without sewage sludge supplementation). Ranges 
of estimated, measured, and theoretical rates were reported as 3.7 to 190,0.21 to400,and 16 to 
450 IJkg/year, respectively, from which Ham110 concluded that during the more active period of 
methane production. a reasonable rate of generation would be between 3.1 and 37 I /kg/year. 

Attempted optimization of methanogenesis by manipulation of a specific site variable 
necessitates a prior understanding of its function relative to the ecosystem as a whole. Thus. the 
task of delineating the more important variables is complicated by the interactions between 
them. According to White and Plaskett•• the optimum conditions for methanogenesis in landfill 
are the following: a temperature range of 29to 37°C; an absence of air; a pH range of 6.8to 7.2: 
a moisture content in excess of 40%; and an absence of toxins. However, from the findings of 
Boyle,92 these ideal conditions are rarely found in landfill sites. Boyle92 reviewed the results of 
both laboratory studies and pilot-scale operations at the Palos Verdes, Sheldon-Arleta. and 
Mountain View, U.S. landfill sites and concluded that the landfill did not serve as an efficient 
bioreactor for the following reasons: the moisture content was low; temperature variation~ were 
wide, and normally suboptimal; stratification of compacted refuse was common, thus resulting 
in pockets of biological activity; contact between the microorganisms and labile refuse 
components was inefficient; and gas production was unpredictable, due to landfill practices, site 

characteristics, and cover. 
Since, in many instances, any attempts to optimize methanogenesis within the refuse mass 

must not interfere with the day-to-day operation of the landfill, the number of potential variables 
for manipulation is limited to refuse composition and pretreatment, exclusion of toxic or 
inhibitory materials, nutrient addition, permeability and porosity. refuse density and moisture 
content, temperature, pH and alkalinity, and microbial seeding.5 

I. Refuse Composition and Pretreatment 
Refuse composition, as discussed by Ham,90 is a major.determinant of both gas quality and 
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rate of production. •J Thus, although the concentration of generated methane: is characto:ristically 
within the range 50 to 70% (v/v). variations may be mediated by the degradation of specilil: 
refuse components.90 Similarly,the rates of gas generation will change in response: to tho: lability 
of these components. 

Pretreatment strategies. motivated by economic factors. may similarly effo:ct dramatic 
changes. Milling, shredding, or pulverizing refuse all facilitate significant volume reduction and 
confer homogeneity to the rather heterogeneous crude refuse. At the same time the absorptive 
capacity of the refuse may be increased by a factor as high as three .... The net result is. thu~. a 
significant increase in the decomposition rate of the refuse within the landfill. de Walle et al.. 1 

for example, demonstrated that particle size reductions from 250 to 25 mm increased the: gas 
production rate from 0.73 m1/t/year to 4.75 m)/1/year. Unfortunately. the major component of 
this gas was carbon dioxide, and methanogenesis was only detected in pH-buffered unpulver­
ized refuse. Increased gas production rates in homogenized refu~e may be attributed to a 
combination of increased surface area, for extracellular enzymatic att;Kk,"·"'·96 and introduction 
of oxygen, resulting in a shift in fermentation balance toward carbon dioxide. Methane 
production rates of 60 m1/t dry solids per year have, however, been obtained with pulverized 
refuse,91 although here the fermentation was made with pH control and a high solids concentra­
tion 142% w/w), with an inoculum of methanogenic bacteria. 

2. :\loisture Content and Refuse Density 
Since according to Verstraete et al."" and Buivid et al. 'the effech uf muiMure content Jnd 

compaction are interdependent. any division of these two parameter~ would ~ec:m tu be purc:l~ 
arbitrary. 

One hypothesis, which is commonly held, is that stabilization of rc:fu~e within a landfi II rna} 

be accelerated by the controlled application of moisture:· This is perhaps not ~urprising ~ance. 
clearly, the control of water inliltration is central to the modification of all other interacting 
panuneters which directly affect microbial activity. The 0\·erall mohture content of a landfill is 
a function of the refuse moisture content at emplacement. the infiltrated moisture. and the 
moi,ture generated by microbial catabolic activity. Moi'!!!r£ ~~ ~!!. ~~~~~ !lr~()uct ·~f !T!h:!' ~~H!I 
aL·ti\ ny i~. however. con~idered a minor sourl:c •om pared~!!..~ !!!!i!!rati<!!1"'1nlandtill. muJ·tLII<" 
determines the mixing, dilution, and flushing of the various rdu~e .:omponcnb. Thu, :iw 

presence of a high water content should enhance the general a\ ailability of nutnenb anu ~i-• • 
stimulate bacterial growth directly."" 

For aerobic species, Dobson"" demonstrated that a n:fuse mubturc .:unh:nt of I!O'.i rc,uitc•i 
in an elevated oxygen uptake rate compared with ~0 and MO'k pobed samples. In a more 
comprehensive study by Merz and Stone."" a steel tank 145.5m') was filled with approxim<11el~ 
14tonnes ofrefuse, priorto moisture content adjustment to 41 eli ( w/w o. equivalent to an inpla.:.: 
reiuse density of approximately 37~ kglm'. The tank wa, then >ealcd and buried \\HI. th. 
temperature at ambient 126.7 ± 6.7°CI. Although the initial ga, prudul"lo"n rate .•a' tl.tl::!•• i \..~ 
d. after 60 d the rate had fallen to zero. At thb puint. the grus' mui,turc .:unteut ·.,a' m..:rc• "'' 
10 48% I w/w) with the result that gas generation recommenced and continued at an J\ cno;:c · .zt. 
uf 0.014 1/kg/d for the next 3000 d. Unfonunately. no qualitative ga' .-omp<~•IIILZII dat;z · "' 
reported with this study. 

Later, Rovers and Farquhar"', made a similar. but more rcalb11c. 'tndy in wlud1thre~ -"11· 
iCito C3) were filled with 2421!, 2901!, and 670 kg of refu,c. n:spc:clivcly. Cc:lh I and 1 "crc 
maintained, unsealed. under field conditions and. as a .:on~~4ucnc~. were cxp<N:d Ill mm-lurc 
inputs from rain and from melting ice and ~now. Convcr~d~. the thtrd .:.:II tC3• ·., "' in,ulo~l~ll. 
maintained indoors, and supplied with artificial prel:ipnauon 175'.-i di>ullcd "at cr. 25'' t;op 
water J. Cell C I produced methane at a con.:c:ntrauon of I i'·i 1\ tv 1. althuugh th" "a' rcdt~.cd 
to6<J by the high infiltration conditions uf the ,pring tha". Cunvc:r,dy. Cdl C~ produccJ "'' 
methane. while cell C3. perhaps surprisingly. prnduccd onl~ 2',; 1\fq methane. Frnm tnC,<" 

·~-·-----------·--~ ...... ,...,._ .............. Nj------------~-------------.... -~~~ 
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results the waders concluded that rapid infiltration could impede methane production in 
landfills. 

This distinction between moisture volume and infiltration rate was subsequently endorsed by 
Klink and Ham,100 who demonstrated methanogenic rate increases of between 25 and SO% in the 
presence of moisture movement and found that the relationship held even when the total 
moisture content was constant. From the results of this study it was concluded that moisture 
content and movement were separate variables affecting landfill methanogenesis. Leckie et al." 
similarly determined that continuous water infiltration of the refuse mass resulted in higher rates 
of methanogenesis compued with single-addition controls, although further increases were 
recorded in the presence ofleachate recirculation. This later finding was, thus, in agreement with 
the results of Klink and Ham,100 who attributed the methanogenic rate increase to uniform 
distribution of basic nutrients, methanogenic precursors, and pH. 

Despite the number of studies made, the question of the percentage moisture content required 
to facilitate optimum gas production rate and maximum methane content is still subject to 
debate. de Walle et al.,1 for example, determined in laboratory studies that water-saturated refuse 
(99%, as dry weight) resulted in maximum rates, as did Klink and Ham.'00 Similarly, Rees105 

incubated refuse core samples under anoxic conditions at in situ temperature and showed that 
the highest rate (300 ml/kg dry weight per day) was apparent in material sampled from below 
the site water table. In addition, these samples were characterized by elevated amylase and 
protease activities.106 Rees1115 also examined data from four repons and concluded that landfill 
gas production was directly proponional to the percentage water content, although he had 
speculated earlier77 that it was the logarithm of the rate of gas production which was directly 
proponional to the percentage water content. 

Conversely, Farquhar and Rovers12 demonstrated maximum gas production at moisture 
contents between 60 and 80% wet weight. Similarly, de Walle et al.' recorded maximum 
methane concentrations in the presence of a refuse moisture content of 78% and recommended 
that landfills which were to be used for gas production should be maintained at a moisture 
content in excess of 75%, but below 100%. This moisture regime was, however, somewhat 
higher than the SS% reponed by Rees45 to be a contributory factor to the success of the A veley 
(U.K.) landfill site as a methane generator. 

Kasali33 used laboratory refuse columns, fitted with graduated gas collection vessels, at 
ambient temperature (20.5 to 28.5°C) to examine the effects of six moisture regimes (55, 60, 65, 
70, 75, and 80% w/w) on gas evolution. After 95 d of incubation, the total volume of gas 
recovered from the samples was highest with the 75% moisture content, while the lowest was 
recorded with the 55% sample (Figure 4). Similar results were also observed for methane 
production alone (Figure 5). These results were, thus, in agreement with the data of Buivid et 
al." which showed that methane production increased as the moisture content of the refuse was 
increased to field capacity. 

From Kasali's resultsn it was apparent that as the moisture content was raised above 60%, 
the resultant increase in methane production started to decline, thus suggesting that this discrete 
moisture regime satisfied the physiological requirements of the methanogens. Since, as noted 
by Buivid et al.," moisture promotes the mass transfer or the distribution of other methanogenic­
enhancernent precursors, it may be speculated that once such distributions were optimized, then 
elevated moisture contents, approaching field capacity, would be of little value since both gas 
and methane evolution rates would be independent of the moisture regime. 

In addition to lhese interdependencies, it is possible that large water additions may also 
introduce oxygen, lhus delaying initiation of methanogenesis, and may also stimulate aci­
dogenesis (Figures 6 and 7) to the detriment of the initially low and slow-growing methanogenic 
population. •s These two possibilities offer a partial explanation for lhe lower volume of methane 
generated atlhe 80% moisture level !han at lhe 60% (Figure 5). Similar results were reponed 
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AGURE 4. CumulaJive volumes of gas evolved from ambien11empcr•1Un: 120.5111 2~ 5"!'. mea11 
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by Buivid et al. "'who also found a substantial decrease in methane production whcnlhc n11 •I ,lUre 
content of municipal solid waste was increased above field capadty w!IO'i 

Although it is difficult to extrapolate laboratory results 10 actual sit.:~. wh11.:h arc 111icJO 

characterized by leachate migration, it may be speculated that total waterlogging. pam.:ularl;­
during the initial stages of refuse emplacement, could be inhibitory. so that tloodcd site> nr fill­
extending below the water table may not provide optimum conditions for methane generation. 

Together with these studies of the gross effects of moisture un the ro::hbc mcthanugcni~ 
fermentation, Marriou107 optimized the fermentation moisture indice~ llctwcen 55 and fliJr.; 1 w/ 
w ). Calculation of activation energies in laboratory studies' have indil:atcd. ho\\ ever. I hat the 
overall reaction rate is chemically controlled and. as such. is nnl suhjc..:l '"diffusional mass 
transfer limitations in the presence of high moisture mnto:nb . 
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FIGURE 5. Cumula1ive volumes of me1hane evolved from ambien1 1empera1ure 120.5 10 
28.S"C, mean 24.J"Cl laboraiOl}' landfill models'' in which refuse poised a1 discre1e moislure 
con1e01s of SS (:)), 60 eel. 6S l:l), 70 1•1. 75 IAl, and 80'1 c•l lw/wt. 

In addition to the gas production rate changes discussed above. moisture additions can also 
mediate significant changes in the refuse fermentation balance. In the presence of low moislure 
regimes, the solid-state fermentalion of refuse has been shown to resuh in the formation of 
carboxylic acids and gases,'"" including hydrogen, 106

•
109 Here, the moisture content of the refuse 

can either directly affect the growth of the acidogenic bacteria, and thus regulate the production 
of acids, or, by diluting the acids formed, facilitate pH and acid concentration changes wirhin 
the microenvironment and, thus, indirectly, affect microbial grow1h. 

KasaJill used pulverized refuse in sealed flasks, maintained at ambient temperature (22 to 
27°C), to examine the effects of six discrete moisture contenls (55, 60, 65, 70. 75, and 80% w/ 
w) on the fermentation balance. After 7 d of incubation, a clear pattern had emerged with 
increased moisture contents mirrored by increased "total" organic acid (acetate, propionate, and 
butyrate) concentrations (Figure 7). This pictun: was also repeated for each of the three 
individual organic acids. These results were thus in agreement with those of Ghosh,110 who 
reported that considerable improvements in a refuse acidogenic fermentation were apparent 
when the moistun: content was increased from 40 to S 60%. As the fermentations continued, 
however, the pattern became less clear. In addition, a stepwise sequential mode was apparenl. 
From stoichiometric considerations, this mode could not be accounted for by changing rates of 
methanogenesis and was more likely due lo either cessarion or retardarion of acidogenesis due, 
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po~sibly. in pan 10 product inhibition. ' 11 ": Ciho~h· Jl'o r.:L"on.h:d ~ ''"I"''"" 'o:qu.:1111.11 
acidogenic refus.: fern1emation and altribuled ittn the prcferemialmecabull,mnf J pant,ular 
organic fraction with sequenlial induction and 'Yillhcsi' nf adapll' c .:nzym~'. In the Mudy 111 

Kasali,33 however. rhe stepwise sequence of acidogene'i' appear.:d tn be a funcrion ol the 
moisturecontenl and no1 the refuse perse >ince the phcnom.:nun ""'nut ren•rJ.:J in the~~,.,· 
pobed samples. 

It is interesling 10 note thai maximum wno.:cntralion, uf the m•li,·iJual J..:t,b -·- .•. et.lt<!. 
propionate, and butyrale- were recorded at diff.:rcm mnistur.·l·ont.:nt-of7.'1'; • .l ",·d.- . ·,n•, 
tl week), and 60'>'. 14 wo:cksl. ro:,pectivo:ly. Ex.uninanon nf the mdJ\iduai ·"'''"- IJp· ... c.,,l. 
,how.:d thai cnnsideralion \lf tht:>e maxima alnn.: ll\cr,implilicJ ,, 'omc•., h.•t <••mpn.JI<"d 
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FIGURE 7. Changes an concennaaions of "toaal" organic liCids I acetate. propionate. 
butyrate) at ambient temperature 122 10 27°C, mean 24.2"CI in refu•e •ample• poi""d aa 
discrere moiSiure conrenrs of 55101. 61)(e), 65 1:11.70 1•1. 75 (~1. and 80'i1 IA)Iw/wl. 

picture. Thus, although maximum acetate concentrations were recorded in the refuse after 3 
weeks of incubation for the 70, 75 and 80%-samples, maxima for the 55, 60, and 65% moisture 
levels were not recorded until the fourth week (Figure 8). Similar pallems were not, however, 
apparent for either propionate or butyrate. 

Despite possible complication by the intermillent appearance of isobutyrate, isovalerate, 
valerate, and caproate, in general, the pH profiles mirrored the "total" organic acid I acetate. 
propionate, butyrate) profile. 

During the course of the experiment, the trends in methane generation from the different 
moisture-poised refuse samples did not appear to follow any predictable or systematic panem 
(Figure 6), although after 3 weeks of incubation, methane production had increased with 
increased moisture content up to the field capacity of 75%. 

In the presence of elevated moisture contents the ratio between methane and carbon dioxide 
often progressively increases in favor of the former and is, in part, facilitated by the differential 
solubilities of the two.n Ramaswamym used milled (particle size 2 mm) synthetic refuse !25% 
wood, SO% paper, 25% dog food) to examine the effects of three moisture contents (30, 60, and 
80%) on the methane contents of the generated gases. Maximum methane content (58.8% v /v 1 

was found in the presence of a moisture content of 80% with progressive reductions recorded 
at both 60 (34.6%) and 30% (4.2%). These results were subsequently criticized by Hartz'" on 
the grounds that the refuse composition and particle size distribution were not representative. 
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In panicular, the dog food would hav.: pruvid.:d high nitrog.:n and pho~phoru' 'alu.:, ..:11111p"r.:u 
"ith typical refuse. 

.-\lthough it is now generally accepted that wmrolkd water additions may he mad.: '" 
enhance methanogenesis within the refuse mass. it must bt: recognized that such addition> ma~ 
al,u introduce problems. For example, rapid infiltration. a> di>~:u,sed earlier. may impede 
mc:thanogenesis."'~ possibly due to a combination of CIXIling" '"'"'and increasing the redox 
potcmial which may. in turn, dramatically change the fermentation balance. Although a number 
"' "nrkers ,,.,. '"~ have reponed that increased refuse den> II~ h:mb 1u d.:nca'e ~a, prndu.-llull. 
the bases of the interac11ons between moisture content. compacuon . .Jmltcmpcratun: ar" 11<'1 
clearly understood. Verstraete et al."" reponed that when rcfu,c mu1,run: ··ontent~ "ere ra"''' 
111 mcrements of 10 up to 65tk.thc impacts for low d.:mny 41l.~5tlln· 1 "ere mor.: prnnoun.-cd 
than for t·ompacted refuse (O.K t/m' 1 and concluded thatthc,c .lilfercnr df.:ch "ere due 111 h1~h.:r 
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baclerial mobility, which, in tum, promoted hydrolysis and methanogenesis in the former. 
Convenely, Rees 105 reponed lhat density exens a differential effect depending on the moisture 
content of lhe refuse. Under conditions of a constant moisture content (21%) a density increase 
from 0.32 to 0.47 ton/m3 was found to result in a gas production increase from 410 to 845 mil 
dlkg dry refuse. Convenely, when lhe refuse densities were fixed at 0.2, 0.32, and 0.47 ton/m3, 

prior to saturation wilh water,lhen 2530, 2100, and 1260 ml gas per day per kilogram dry refuse, 
respectively, resulted. The observed discrepancies in Ibis study were equated with water 
availability to lhe microbial species. Subsequently, Ehrig12 showed lhat a density increase from 
0.7 to lton/m3 resulted in lhe absorptive capacity of refuse decreasing from 100 to 24 1/ton. 

Finally, Harmsen" examined gas production from sites of different ages and found that in a 
9-year-old landfill, in which lhe refuse had been subjected to compaction, melhanogenesis had 
not established, whereas in a 2-year-old site, where compaction had not been practiced, melhane 
production was already evident. 

J. Temperature 
The effects of temperature elevation on lhe generation oflandfill gas have been examined by 

a number of workers 1•7•12•77•95·116. 11 ,..119 and have been shown to result in gas production increases, 
panicularly over the temperature range of 30 to 35°C.1 Verstraete et al.,96 for example, in 
laboratory model studies, demonstrated that a temperature elevation from 22 to 33°C was 
accompanied by a gas production rate increase of 70%. 

In the refuse mass, the actual temperature attained is determined by a number of factors such 
as microbial metabolism (aerobic and anaerobic) which, in tum, is directed by the dry density 
of the emplaced refuse, the specific surface area, the refuse composition and availability of 
electron acceptors, the landfill water content and temperature, heats of neutralization, and the 
addition of solar energy, all of which are balanced by heat loss both to the atmosphere and the 
surrounding soil.77 Landfill temperature fluctuations in response to long-term air temperature 
variations have been reponed by Rovers and Farquhar. 120 The workers found that in a Canadian 
(southern Ontario) landfill,lhe annual average temperature at a deplh of 1.22 m was I2°C. with 
seasonal fluctuations between 2 and 21°C. Perhaps more imponantly, it was also shown that 
even within lhe psychrophilic range of temperatures methanogenesis occurred. 

Rees" reponed that at lhe Aveley (U.K.) landfill, which is particularly reactive in terms of 
melhane generation, temperatures at 2.1 m below the surface were not markedly influenced by 
ambient temperatures during the winter months and remained relatively constant at 25°C. 
Subsequently,the temperature was shown to rise to 33°C during the summer. At discrete depths 
of 4.7 and 7.1 m, however, the temperatures continued to rise smoolhly by 5°C over the 5-month 
winter period, to reach a plateau of 43°C during lhe summer. Thus, it would appear that deep 
sites are more likely to maintain temperatures favorable for methanogenesis. 

Hanz et al. 111 examined lhe impacts of temperature variations, over the range of 21 to 48 cc. 
on refuse from four different sites. Two approaches were used: shon-term residence, with seven 
different temperatures, and intermediate-term residence, with two temperatures. In this study, 
the optimum temperature for melhanogenesis was recorded at 41 °C, and no evolution was 
detected between 48 and 55°C. Convenely, in anaerobic digesters, methanogenesis has been 
shown to result at temperatures between 48 and 65°C when lhe refuse was digested at a solids 
concentration of <5%. l21.122 Similarly, Zinder et al. 123 demonstrated the thermophilic digestion 
of municipal refuse in laboratory experiments. 

Rees77 reponed lhat, in temperate climates, in the presence of a refuse moisture content of 
55%, sufficient heat could be generated to raise the temperature of the refuse mass above 30'C 
in a year. Rapid temperature increases are, however, often associated with aerobic metabolism 
since lhe succession to anaerobiosis can result in temperature reductions. 12 Men and Stone 124 

used test cells to examine lhe effects of aeration on refuse temperature profiles and found that 
in lhe absence of aeration an initial peak temperature of 43°C was followed by temperature 
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reductions to between 25 and 30°C. In the presence of aeration. however. a temperature peak of 
71 'C was recorded which subsequently decreased to near 49°C. 

A comprehensive laboratory study of the effects of tempenuure on refuse: mc:thanogenesb 
was made by Kasali. n Glass columns, which contained refuse poised at a moisture content of 
60% w/w, were used to examine these effects over a period of 14 weeks. At a temperature of 
55°C, gas production (mainly carbon dioxide) was apparent during the first 7 d of incubation. 
although subsequently only extremely low rates of generation were detected. Conversely. 
although taking somewhat longer to develop, active and continuing gas generations were 
recorded with the 40°C (4 d), 30°C (3d), and ambient temperature (l..t to :!2.5°Ciil7 lit­
incubated samples. Although the cessation of gas evolution from the 55°C-incubated sampk 
was accompanied by a pH fall from 7.2to 5.7, reinstatement of a near neutral pH. by the addition 
of 10% (w/v) sodium bicarbonate, did not result in a resumption of gas generation. In a second 
experiment, which involved temperature manipulations, KasaiP·' determined that the tempera­
ture of 55°C had exened a time-dependent bactericidal effect. These results were thus in 
agreement with those of Hanz et al., 111 who also observed cessation of gas production at 55°C. 

Direct comparison of the results of these two studies with those of Pfeffer::~ Cooney and 
Wise, 121 and Zinder et al. m are, in fact, difficult to make since although similar temperature 
ranges were used, the last three studies were made at low solids concentration• and with e~tcrnal 
inocula of methanogens. 

Kasa1P·1 also determined cumulative concentrations of both hiogas (Figure 91 and methane 
I figure 101 during the incubation period. Although similar trends were obtained li1r the t'-'"· 
different patterns of gas evolution rates were apparent. Mean biogas evolution rates of -W~. 987. 
and 3020 ml/kg dry refuse per day were calculated for the ambient, 30. and ..t0°C -incubated 
~am pies, which corresponded with methane concentrations of 171. 50:!. and I:! I 0 ml-'kg dry 
refuse per day. 

Although accurate rates of gas evolution in silll are difficult to measure. Ree~" reponed 
''alues of 323.6 and 126.7 ml/kg/d fortotal gas and methane. for the Avelc:y lli.K.Ilandlill. 

The most universal method of recording the effects nf temperature on mi.-rohi.,J,,gil'al 
reactions i~ by application of the empirical Arrhemu~ relationship:'·· 

K = Ac L·k• • -! 

Hanz et al. 1" transposed thi~ equation into the logarithmic fnm1. diff<:rentiated with rc·pccllll 
temperature, and integrah:d within the temperature limit~ 10 uhtain the follm•mg: 

K: Ea1T:-T11 

In 
K. R ITT I 

in which K
2 

and K
1 
are the methane evolution rates at temperature~ T: and T .. respcl'll' ~~:. 11; 

degrees Kelvin (273 + °CI: E. is the energy of activation. in calorie~ per mole: Jnd R i, th~ p 
constant (1.987). in calories per degree Kelvin per mole. TI1e units ofK. allll K arc c.:<•rrc(l,·.: 
10 ~tandard temperature and pressure (STPl. cancel with E •. having units ~fcalories per moll' • •I 
methane produced at STP. From this equation the workers calculated energ} of <~Lil' a lion 
values, indicative of the relative ease of product formation and. therefore. velocity of reaction. 
for refuse methanogenesis in shon- and intermediate-term residence studies. With the fonncr. 
E values of between 22.-t and 23.7 kcal/mnl wen: calculated. whereas for the lanc:r. the 
c~rresponding values were between I K. 7 and 21.!! kcal/mol. From thc~e n:,ulb it was ..:on dulled 
that minor temperature changes mediated only minor mi..:robial population ,htlb. 

de Walle and Chian1'" also examined methane recovery from r.:fuse and cakulateJ .111 E 
,-alue of 1-t5 kcal/mol of methane produced. over the temperatur~ range of 17 111 :!ft'C Thi~ 
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FIGURE 9. Cumulaoivc volumes or au evolved f'rom laboral<xy models" mainlaincd al 
ambicmlcmpcralurc ( 1410 22.S"C, mean 18.7°C) (0), 30 (e), 40 (0), and SS"C 1•1. All rdu.e 
samples poised 11 a discrelc moisoure con1en1 or 60'llo (w/w). 

result was in close agreement with the determination ofKasaiP3 where an E value of 14.8 kcal/ 
mol of methane was recorded for the temperature range of 18.7 to 30·c~ In the latter study 
reaction rate coefficients and Q

10 
values were also reported. Kasa1P3 showed that by raising the 

temperature from ambient ( 18.7°C) to 30°C the reaction rate constant more than doubled, from 
0.07 to 0.17/d, while a further temperature elevation to 40"C resulted in a dramatic increase to 
0.5 1/d. This optimal temperature for methanogenesis was thus in close agreement with the 41 •c 
reported by Hartz et al.111 

Although over the temperature range of 18.7 to 30"C refuse methanogenesis (Q10, 2.33) was 
shown by Kasalin to behave according to the Arrhenius model, whereby reaction rates double 
for every IO"C rise in temperature, a second temperature increase, from 30 to 4o•c, was 
accompanied by an approximate tripling (Q

1
0, 2.98) of the rate. These results were, however, 

in agreement with those of Stuckey,126 who reported that in methanogenic fermentations the 
Arrhenius relationship is only valid within a temperature range of I 5 to 35"C. 

Together with evolution rate changes, temperature increases can also effect dramatic changes 
in gas composition. Kasali,33 for example, measured the methane content of a 55°C-incubated 
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FIGURE IU. Cumulative ,·otum&:!t of methane e\·ulved hom l.ahuralllr) landfill nu,dC"b 

maino.aincdaoambienllempcraoure ((~ 10 ~~.s·c. mean IK7'C'II..il .. 1!11 )o. ""'I ~1fT ••· All 
refuse sample~ poi~d al a t.h~rclc moisture comenl of 6W.f t wf"" 1. 
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refuse sample at 1.1 ~f tv/v) which was in general agreement "ith earlier re,ulh · .;;~r. 

methane l'Oncentrations of -l-l.6 and 0.9ch tv/1'1 wo.:n: recorded "ith tempcraour<, uf .:.' '.111.1 

.l5:C. respectively. From these resuhs it is appar.:m 1hat tempcrallm.: i111:r~a'.:' 1.':11. ;:f.:l't 
dramatic fermentation balance changes. Kasali" examined thb phenomenon h~ inl'ur~:in~ 
refuse samples at ambienl ( 18.7 ). 30, and 55°C prior 10 4uantitativc rcdu•·cd organt. ·'''d 
analysis. Marked increases in the concentrations of acetic. propioni.:. isohut}n.:.l.ltl\ a len •.. onJ 
~:aproic acids were apparent in lhe 30•C-incubated refu~e compared" ith the arnhknt oc:mpcra· 
ture samples, despite comparable final pH value~ of7 .45 and 7.-l. re,pel·tilel~. \I an incuhauon 
temperature of ss•c. however. dramatic mncentration reductions were rcnmkd despite an 
initial pH fall to 5.7. From lhesc result~ il 11as apparent thai, although mcthanugcnc-., "a' 
inhibited at this temperature, addogenesis was initially op<:rative with I he overall.:otll'entrJIIIIII 
reductions accounted for by solventogenesis (methanol. ethanol. al·etunc. prupan•·. ~nd 

buumol). 
According to Holt e1 al."' hat~:h solventngeni~: fermcotlation, ,,f carhnh~Jratt'·l'ont.rning 
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media by Clostridium acetobutylicum. characteristically. proceeds in two distinct phases. In the 
first (acidogenic) phase, carboxylic acids are produced, which mediate pH reductions, while in 
the second (solventogenic) phase, solvents are produced and, as a consequence,the pH rises. The 
results of KasaJill also suggested a similar two-phase fermentation pattern. 

4. pH and AIUiinlty 
In refuse, although methanogens play key roles, both direct and indirect, in the removal of 

the products of acidogenesis, they are present in very low numbers in recently emplaced 
material. As a consequence, high initial fennentative activity can lead to the accumulation of 
high concentrations of reduced organic acids which lower the pH to the detriment of the 
methanogens. This pH can, however, in many instance, be obviated by the microbial generation 
of buffering capacity. Carbon dioxide, for example, which is an end product of both aerobic and 
anaerobic mineralization, plays an important role in the buffering of refuse due to its solubili­
zation to form carbonic acid. In the presence of alkaline earth carbonates, which may be present 
in the sealing soils, carbonic acid reacts to form alkaline earth bicarbonates and, in the presence 
of iron, iron bicarbonates, thus resulting in an increase in alkalinity. 

Other microbiological reactions which may contribute to the buffering capacity of refuse are 
the reduction of sulfate to hydrogen sulfide, and the reduction of nitrate to nitrogen or 
ammonium. For both these reductive processes carbon dioxide is also generated. Sulfate 
reduction can lower the pH due to the concomitant generation of H·: 

SO/·+ 2CHp-+ HS·+ 2HCO,·+ W (4) 

Conversely, the production of NH; provides a sink for H·. and this prevents the establishment 
of an acidic environment.1JO Since nitrate reduction is energetically more favorable than sulfate 
reduction, 131 then, on an equivalence basis. the former process should dominate. 

a. pH 
Bookter and HamL•: determined the pH values of refuse samples obtained from test 

lysimeters of known age and compared these with freshly shredded material. Average pH values 
of6.9, 6.9, 4.4,and 5.3 were recorded for fresh, I, 6, and 9-year-old refuse samples. respectively. 
Ofthese, methanogenesis was apparent in the 1-year-old refuse. while the 6-year-old sample had 
10 erratic history of methane production and manifested a pungent odor of hydrogen sulfide. 
Unfortunately. no data were reported of methanogenesis of the 9-year-old refuse. 

Rovers and Farquhar110 also used test cells to examine the effects of excessive infiltration on 
gas production and found that although carbon dioxide was produced, methane was not. Initially. 
the pH remained near 6.0, but later fell to 5.5 and was accompanied by reductions in both 
bicarbonate alkalinity and ammonium ion coqcentration. 

Kasaljl3 used laboratory refuse columns (fitted with gas collection systems), poised at initial 
discrete gross pH values, by the addition of deoxygenated phosphate buffer to moisture field 
capacity (78.8% ), to examine the effects of pH on refuse methanogenesis at 30•c. Correspond­
ing anaerobic cultures were also initiated in closed bottles to examine solvent and carboxylic 
acid metabolisms. In all, five discrete pH values, 5.3. 6.2, 7 .4, 7.7 (distilled water control), and 
8.3 were used. The choice of a phosphate buffering system was made after first establishing that 
the refuse was not phospooros limited. 

During the first2 weeks of fennentation, total gas evolution rates increased as the initial pH 
of the refuse increased; thus, maximum rates were observed at a pH of 8.3. while the lower rates 
were recorded for pH values of 6.2 and 5.3 (figure II). As the fermentation progressed. 
however, dramatic changes became apparent. Thus, wilh the exception of the control and. to a 
lesser ex ten!, the sample poised at pH 6.2, where gas evolution races continued above !he inilial 
rates, declining rates became apparent. Kasali31 also measured the total volumes of gases 
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\I phu!<!phatc huffcr addiliun:-.. and 7. 7 t 1 h) ~~ ......... ,lt:-.tllkd '·' :ttcl .nl.luitlll· t.• rt:luw :. ;:. l •. ar.•• 

II) .I 7H.K'l I. 

135 

~\olved and found tha11hey v.erc in the urd~r pll 7.7 • 10~.-h 1>.2 1 tlh.X 1. ~..' · -l I ~ '· ~.: > -
and 7 A ( 16.3 l/kg dry refuse 1. 

The trends in !he races ofmelhane evolution (figure 121 were \'Cry similar 1u thus~ uftllc l<•t:•l 

gas wilh maxima and minima recorded al pH value> of 7.7 and 7.-t. rcspccli\·el). Pcrhap, n,,, 
>urprisingly, the least me!hanogenic sample exhibiced !he highc:sl..:om:cmratinn of carbo\: li, 
acids. while !he mosl methanogenic sample had 1111: lowes! ~nnccntracinn. L'nlik~ the rate' nl 

lotal gas evohllion. however, with thc exception of the pi I ?.~·poised sampk. the r:n:· ''' 
mechane evolucion progressively increased to le\'cb which were higher than thn,c oh-.:n ~d 
during !he firs! :! weeks of incubacion helilre 'uhscquemly declining. II b mtcrc,tiu~ '' · :11 >I<'. 

however,that atlheendoflhe incubation perind the highcsl rate ofmcthanngcnc ... , "·'' rc. r.k.t 

. 
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AGURE 12. Methane evolution raJecbanges from 30"C·maintained laboratory landfill mod­
els" in which refuse samples poised at discrete pH values of 5.3 !0). 6.2 te), 7.4 (OJ, and 8.3 
(•). by 0.2 M phosphate buffer additions, and 7. 7 (A J by glass-distilled water additions. to refuse 

field capacity (78.8% w/w). 

with the pH 6.2-poised sample. although at this point the gross pH had risen to pH 7 .3. Once again 
the total volumes of methane evolved followed the same panem as the total volumes of gases. 
The percentage methane contents of the evolved gases were also affected by the set pH values 
and, in addition, were found to vary with time in all samples. As would be anticipated, for all 
samples the lowest percentage concentrations of methane were present during the initial stages 
of fermentation, while the highest were recorded at the end of the incubation period. Although 
dramatic variations were seen in the methane contents of the evolved gases from each of the five 
treatments. the average percentage methane contents followed the pattern established for the 
total volumes of gases and component methane, with the maxima and minima recorded at pH 

values of7.7 and 7.4. respectively. 
Time course profiles of carboxylic acid metabolism in the same refuse samples showed that 
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FIGURE 13. Changes in c;onc~mralion!) of''lolal'' orgamc ~ld\ la~:elale. prupionatc:.,,,,.hulyralc. 
bu1yra1e, i.sovalerare, valeralc. caproale) a1 lO'"'C in refu~r~e !tamplc::. poi:,ed al di\cretc: pU \aluc~ of 
5.3 (.)1. 6.2 tel. 7A 1:J1. and K.3•••· by tl.~ .If phu,phaac huff<r addiainn' and 7 7 •)· n~ gl"''· 
di~tilled "'·ater addition. to refu~c: fidd cap;.rl'll~ t7K.Hci "/y. 1. All l'uru:cntra'""" ._. ·rr.:~.~t.·~l i'~ 

~uhtrat:tion ,,r timc-lero cont:entratitm~. 
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in th.: first 2 weeks of the ferment<ttion. maximum concentrations w.:rc r.:cordcd in the ,;unph:, 
poised allhe lower pH values(Figure 13 ). As the fermentation entered the founh w.:el... h<"' "'cr. 
this pa!lem changed until. by the sixth week.th.: "total" carboxylic add cont.:nt was high.::st 111 

the samples poised. initially. at pH 7.4, while the lowest"total" concentration was deteued in 
the control samples. Although comparison of Figures I:! and 13 shows that at .:nrresponding 
discrete times there was an approximate inverse relationship between mcthan<~gcnc"· Jnd 
"total" carboxylic acid concentration~. direct analogies cannot be mad~ since thc lan~r rq'rc·-cl\1 
a balance between acidogenesis and acidotruphy. 

As a consequence of this. time-course profile~ of indivtdual redul·cd urg:u11.- a,IJ- ·''' 
difficuh to interpret, ahhough some interesting observation, werc repun.:d. Fm acetate .. 111~~ th·· 
tirst 2 weeks of fermentation, the highest concentrations v..:rc rccurd.:J in the 111itiatl~ n~:.r.al· 

or alkaline-poised samples. For propionate, however. the dct.:cted cnnccntra11ons appeared ''' 
panition themselves with respect to pH. Essentially, the highest cnm:cntration' v.crc rclN,kd 
with the pH 7.4- and 8.3-poised samples. Intermediate concentrations v..:rc d~tc,·tcd in th,·pll 
6.:! and control samples. while the lowest concentrations were n.:cordt:d with the pli.~.J·p••l,,·d 
refuse. These groupings wen:. in fact, maintained throughout the in.:uh:tllun pcnud "hi,'' h:d 
Ka~aliBto speculate that prnpionate metabolism was a funl·tinn ofpropionngcnc''' which ";I' 
strongly intluenced by the initial pll value. Examination of the butyrate protik' 'hm•~.i tiMr 
during the first month of fermentation the control and pH fl.2-puiscd sampk,. "llll:h c\htr.atcd 
mcthanogic: activities during this period. wen: l'haral·tc:rilcd by hi)!h l'llrtccntr~rron">lilll· .• , id 

_,..,. ____ "' ~ ··-.we. 0&:. 
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FIGURE 1~. Chan~.- on concentrarions of ··rota!"' solvenls facerone, merhanol, erhannl. 
propanol. iJt>propanol. buranol) arJo•c in refuse samples pnised al discrete pH levels of5.3 
(0), 6.2 1e1. 7.4 (:II. 3lld 8.3 (•) by 0.2 M phosphare buffer addilion, and 7.7 flll by glass­
di•rilled warer addirion. 1o refuse field capacily (78.8% w/w). 

For caproate, in general, the higher concentrations were recorded with the samples poised al the 
lower pH values. Finally, very little quantitative variations, with respect to pH. were found for 
isobutyrate and isovalerate. and. with the exception of the pH 8.3 treatment, a similar pi~ture 
emerged with valerate. 

KasaJiH also examined the inlluence of pH on alcohol and ketone metabolism in domestic 
refuse. After an incubation period of 14 weeks. although no alcohols or ketones were detecled 
in !he pH 5.3, 6.2. and control samples. acetone (0.95 mg/g dry refuse) and propanol (4.54 mg/ 
g dry refuse) were detected in the pH 7.4 and 8.3 samples, respectively. Kasalin then monilored 
time-course profiles of the individual alcohols (ethanol, methanol, butanol. propanol, and 
isopropanol) together with acetone over a time period of 6 weeks. Summation of these individual 
concentrations showed that after an incubation period of 2 weeks, the total solvent concentra­
tions decreased in the following order of the initial pH values: 6.2, 8.3. 5.3. control, and 7.-t 
(figure 14). This pattern, however, changed by the fourth week until. by the sixth week of 
incubation, the total solvent concentrations decreased in the following order: control, pH 6.2, 
5.3, 8.3, and 7.4. Throughout the 6-week study, comparatively the lowest total concentrations 
of solvents were systematically detected in the pH 7.4-poised samples. From this study, as a 
coosequence of the presence of solvents in all the samples assayed, together with qualitative and 
quantitative changes observed in response to changes in initial pH, the speculation was made that 
solventogenesis was an important carbon and electron flow pathway in the overall refuse 

fermentation. 
Of the six solvents detected, only ethanol and propanol were present in every sample. 

panicularly in the samples poised initially at acidic and alkaline pH values. Conversely. butanol 
and methanol were detected only in the pH 5.3 and 6.2 samples, while acetone was present only 
in lhe control and pH 7.4 samples. Finally, with the exceptions of the control and pH 8.3 sample~. 
the remaining samples were found to contain isopropanol. 

~,, 
( l 139 

According to Dana and Zeikus, m the production of acetone offers the organ1>m a me~hmism 
for recycling coenzyme A (Co A) without using reduced nucleolides ur gen.:ra1ing pr.llon~. 
Thus, when the reduced nucleotide pool is increased in proportion to CoA. 1he orgmism 
switches away from the acetone pathway in favor of. for example. ethanol and bu1yra1e 
generation. In the presence of near-neutral pH regimes. optimal glycolysis is favored. C onse­
quently, optimal growth of the neutrophilic solventogens results,lhus. possibl~. medialing Co A 
recycling through acetone production. 

In the acetone-butanol-ethanol fermentalion, between 75 and 71!% of 1he ele~:lron> in 1hc 
carbohydrate substrate are found in the solvents. of which butanol a~:counts fur between ~0 and 
55%. Of the remainder, the nonsolvem produc1s (cells. h)drogen. acelate. and bulyralcl a.~,1um 
for between 20 and 25%, with the major portion of the;e (lito 15C:t) in the fonn uf h~dfllgen 
gas.'n Thus, of all the reduced end products, butanol production requires the presence llf the 
most reduction energy. 

From the over.dl results of Kasali's siUdy." it was apparem lhat plltrealm~nts me.liat~d a 
two-phase response in the refuse methanogenic fermentation. In the initial phase. 1hc r.ues of 
methanogenesis increased as the applied pH increased. This trend. however, drastically changed 
during the subsequent phase(s) of the fermentation as acidogenesis and ;olvemo!!ene,b 
cominued to exhaust the buffering capacities of the applied pH trea1ments. 

In an actual landfill. Rees•5 recorded a transiem accumulalion of fany acids. at an appro \I mal~ 
concentration of 51KX) mg/dm-'. in conjunction wilh a pll of 5.4. Since I hi' site" a, methan,,g.:ni­
cally a~tive, however. within a period of 2 months 1he pH progressively K>>t: to tl.-l -\lth ~ 
concomitant reduction in the fany add con~emration 10 <20 mg/dm '.These d;ua were t~i-.~n to 
indicate I hal an active and well-established melhanogeni.: populalion could 10kra1c and fur;,tion 
at much lower pH values in lhe landfill eCOS}'Iem I han I hey could eilher in Olo>n•lc·ullur~ .,r in 
full-~cale anaerobic sewage sludge digeste". 

Despile the absence of definitive studie~ of the specitk .:!feel> of pH on lhc: inlcrrdared 
processes of methanogenesis. solventogene~i~. and acidogene~i' in refu,c. 'pe.:ulation, rr ... ~ ht· 
made on the mechanisms operative. 

II is now re~ognizcd I hat high concemrauon~ of car"'''~ li.: a.:tJ, and '"" PI! rcgnr:·:· "·'" 
inhibil mcthanogenc~b in anaerobic Jigc~tion pr<Ke,,c:,. ··· althuu;;h the lll<.rl.oni,m .• :.~ tiK· 
4uamila1ive aspecls oflhis are no1 fully rc~oheJ. Weal. .1..:1J>. ,udl "' c;orbm:- io, .ocid>. ,:_;.(tb..­
rapidly through microbial membranes'" according 10 tho: pll. Wh~n ;1Jded 11. i.1rge ',, __ ;nc,. 
however. 1hese acids dissipate the ~pH by acting a> uncoupling agenb or pr·llllllophor~'- In 
ncu1rophilic anaerobic bacleria lhe intemal pll i, maimaine.l nmr~ alkaline th.111 the mcioum. 
ahhough pH reductions are seen as I he c:xlernal plllll:cumc' more .lt"idic. :h .1 .c•llbCljUcr •• .: • >I 

1his reduced imemal pH. inhibilion of pll-~cn~nive cclluiJr r~actiw~> rc>ult>. ~nJ. thu,. ~:,.-., th 
and fermenlation cease.'" 

Jarrell and Sproll'" examined tbc dfc:•·" ,f cxlern .. t pH 1>11 th.· intra.:~i'ular pH · · : ·'· 
nc:u1rophilic methanogens. ML·th<lllospinllum ;,,,~,/lt'l (,pI Jll•l.\htlhtlh•l•a• :, ,._,,tit,'" ·'" 
totroplricum. and found that under a nculral c~lenlill pi I '":;nne. no lrarhmcrnhr .111c pH;;:- .!t.:n: 
existed. When 1he external pH wa~ reduced belo"' nculrality. hn,.evcr. lhc ongmally ...... itnc· 
intracellular pH was found to decrease. The" orkers abo e~amincd cy topla~nu, pcnctr;ol :. ·~' •" 
propiona1e and bu1yrate in 1he presence of c:x1cmal pH regime:> ul 5.K. tl.S. "r'u s.o anJ :.•uohl 
hiehest in lema I concentrations al pH 5.8 wilh tolal absence al pH lUI. Com·c:r.,.:t~ .mc1hy l.1mtn•· 
pe"netralion was apparent for each of the 1hree discre1e pi I value~. Fromlhesc: rc:sults il m·~ ht· 
concluded 1hat the abilily of carbo~ylic acids to influen.:e lhe inlracdlular pll. ami. lht.·. the· 
metabolic activity ofmethanogen~. depends firs I and foremosl on lhcirpotemial w pcncrr~t~ lh,· 
cells. This penetration, in tum. depends on bolh I he aftinn~ <If I he m..:lhanugen> lor I he· 'f'-·-tl j, 

carboxylic acidlsl and the pH oflhe microni•·hc.lfill> J>'Uillcd thatlh.: loxi.:.t:; ol .:arP. ·-: h, 
acids 10 methanogens h,. essemially. due 10 1hc ac.:i,liti~allon uflhc rnlt.:ruhial, :- : .• pla,rn. :~.:11 "' 
all the carboxylic a~ids generated in r<!fu,c. ac.:elatc. as J major mclh,ulo~cnK Jihlralc. -~·Hold 

-------~· .. ..._,-
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exert the most predominant toxic effect at all possible pH values. In landfill, acetic acid is 
quantillltively the major carboxylic acid .... ·'' Accumulation of carboxylic acids, wilh a resuhant 
lowering of pH, has been shown to first slow and then inhibit acidogenesis in refuse. 110 In 
anaerobic ecosystems where methanogens are active, however, end product inhibition of 
acidogenesis docs not occur because a favorable pH for the acidogens is maintained by the 
methanogens which utilize acelate and facililllte the dissimilation of other carboxylic acids by 
serving as electron sinks for acetogenic proton-reducing bacteria." 

In addition to the pH changes mediated by the interactions between methanogens and 
acidogens, solventogens also play key integral roles, since it has been suggested'l6 that 
solventogenesis, which involves the formation of neutral molecules from acids, is a neutraliza­
tion mechanism which is triggered when the environmental pH falls. 

The activities of solventogenic organisms in batch anaerobic fermcnllltions may be divided 
into two phases. In the first, rapid growth resuhs in the formation of organic acids, and the pH 
declines. In the second phase, solvents are formed at the expense of further substrate consump­
tion, and, in pan, the acids formed. The net results are a small increase of pH and, ultimately, 
cessation of growth.m Although the factors of solvent synthesis in this latter stage are not fully 
defined, it may be speculated that 

I. Low pH 
2. Toxicity of high concentrations of acids 
3. Inducement ofa shift from a high energy conservation efficiency in ATP formed to a much 

lower value of that efficiency 
4. A high partial pressure of gaseous hydrogen °7 

are all key components. According to Roos et al.,111 solventogenesis is predominantly regulated 
by the availability and demand for biosynthetic (ATP) and reduction (NADH1) energy. 

Anaerobic solventogenesis is a characteristic of neutrophilic clostridia01 which are stressed 
by both acidic and alkaline pH regimes and, as a consequence, necessitate ATP-dependent 
maintenance of a pH gradient. Thus, pH values outside the optimal range for metabolism and 
growth impose an additional A TP demand. According to Jilbses and Roels.' 17 the switch from 
acidogenesis to solventogenesis may be indicative of failure of the acetogenic metabolic 
pathway, which is the most efficient from the point of view of A TP generation, to provide 
sufficient energy dissipation for growth. Although the microorganisms and mechanisms 
involved in the degradation of solvents in landfill are not yet known. a number of reports have 
been made on other anoxic ecosystems. Thus, it has been shown that in addition to methanogene­
sis, discussed earlier, methanol may be convened to acetic acid, by species of Clostridium, or 
to acetate, butyrate, and caproate, by Eubacterium /imosum.nuoo However, it is not yet known 
whether the non-methanogenic species or the methanogens are the stronger competitors. 

In anoxic freshwater sediments Desulfm•ibrio spp, have been shown'" to be the predominant 
ethanol-degrading bacteria. In this ecosystem Desulfobu/bus propionicus was shown to ferment 
ethanol to propionate and acelllte, while propanol and butanol were convened to propionate and 
butyrate, respectively. From these results, il is apparent that alcohols are primarily convened to 
fatty acids, and, as such, both the production and subsequent degradation of the solvents are 
likely to cause pH fluctuations in anoxic ecosystems. 

Once again, the partial pressure of hydrogen is an important determinant of degradation. 
Thus, for example, the dissimilation of ethanol is energetically favorable at a partial pressure of 
approximately 0.1 S atrn, while the corresponding degradations of reduced organic acids such as 
butyrate and propionate require partial pressures of2 x 10·1 and 9 x JO·' atm. respectively."~ 

b. A lkolinity 
In~ eventuality that high initial fermcnllltive activity results in the accumulation of reduced 

organic acids in refuse, an overall fermcnllltion deceleration may then be mediated.'1·q"·"1 In 

a a a a 2 

~~ 
,,. 
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order to establish a stable methanogenic fermentation in refuse it has. thcrelorc. been ,ug­
gested"·"' that buffering substances such as limc. calcium carbonate:. and ~odium hicarht.m;ll<" 
should be added. This is, perhaps, not surprising since leachate from an a.:idugcnic-pha,c 
landfill has been shown to have a pH of 5.7 and a bicarbonate content of 17 mg/1. while 
corresponding values for methanogenic-phase leachate were 7.0 and 12.000 mg/1.55 Sodium 
bicarbonate additions have been used to maintain favorable pH values in fermenting refuse 
samples and, as a consequence, increase gas production.'-'-" Ehrig'~ also examined thc eff.:cts 
of alkalinity on gas production from refuse and reported that an acetic acid:alkalinity ratio <ll.ll 
was required before methanogenesis was initiated. 

In addition to neutralization, alkali additions. which may represent significant co•t fact<>rs:•' 
may also result in alterations to the chemical structures and composition of rcfuse compo­
nents."' Thus, for example, in the presence of calcium carbonate, methanogenesis ha, bc:en 
shown to increase97 due to a combination of pH elevation in conjunction with a precipitation of 
potentially toxic heavy metals.,..,. 

KasalP1 used 30°C-maintained laboratory columns (fitted with gas collection syst.:ms1 
which contained refuse supplemented with deoxygenated sodium bicarbonate (I. 2.5. or 5'1 w/ 
v) to field capacity moisture content (77% w/w)to examine the influence of this chemical on 
refuse methanogenesis. Corresponding anaerobic cultures were also initiated in closed bottles 
to examine the effects of sodium bicarbonate on acidogenesis. The initial pH values of the 
solutions used (I. 2.5. and 5%) were 8.8. 8.5. and 8.3. respectively. although after addition tho: 
gross pH values of the refuse were 7.1, 7.3. and 7. 7. respe~·tively. A distilled water contrnl • pH 
7 .0) was also included which resulted in a refuse pH of 7 .I. Tho: ob~erved pH r.:ductiorb a- 1hc 
concentration of sodium bicarbonate was increased may b.: ac~ountcd for by increased cart-.,nk 
acid formation as the bicarbonate concentrations of thc ~olution~ increased: 

NaHCO)-+ Na· + HCO, •51 

HCO,· + Hp-+ H~CO, + OH 161 

HCO, -+CO;: + 11· 

Refuse supplementation. however. could possibly hav.: r~.,uhcd in an interaclinn betw .:~r. 1h~ 
carbonic acid and the refuse carbonates. and, thus. bicarbonate formal ion. General.:onsump1um 
of this bicarbonate alkalinity would, thus, have effected a pH reduction. 

Gas evolution was monitored over a period of 92 d. and it was found that in the prescn,-~ ••• 
sodium bicarbonate additions (I, 2.5, and 5ck w/v ~olutions1. the total volume~ of gases~'"'' ell 
increased by factors of 2.5. 3.2. and 1.5. respectively.compared with thc distilled-water control. 
Of these. however. only thc lirst two .;oncentrations .:tfcctcd methane 'ulumc inn.:J·~' 
Although these results possibly indil:ate that ;r; I w/v 1 sodium bicarbonate exen, .1 diffcr<T•II,,: 
effect on methanogenesis and acidogcne.'>is. 11 " also pos~ihlc that a compnn.:nt o1 th~ _;!a· 

evolved was chemically derived: 

·:~ 

:--;aHCO .,. H'-+ ~a·.,. H.O- CO. .~ 

This possibility appeared to be supported, in pan, by the gas composition data. which showt:<l 
that the average methane contents of the evolved gases were: 53.5. 70.3, 71.-t. and -'1.7q. "hl.-11 
corresponded to sodium bicarbonate concentrations ofO. I. 2.5. and 5'if w/v. respectively. Th,.,,. 
concentrations were, however, somewhat lower than the 8K~-(, recorded by Glllhh. ''" 

For each of the three sodium bicarbonate treatments. during the lir~t6 week;, of in~ubaJIIHL 
gas evolution rates wo:rc generally higher than the wntrol. and it w a~ only after this poim 1h:11 
in the presence of the 5% solution, deceleration was evident 1 Figure 151. :\ >imilar pi.:turc ""' 

mct t a .~ 
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RGURE IS. Gas evolution rale changes from )DOC-maintained laboratory landfill mod­
els" in which refuse moisrun: conlenb ldjusled 10 fteldcapiCity by addition of I (0), 2.S 1e1. 

and 5'1> (Q) (w/V) sodium bicalbonale JOIUtiOOJ, and Jim-distilled wau:r (.). 

also apparent for methanogenesis (Figure 16). The calculated geometric means ofthe methane 
evolution rates were 0.1, 0.51, 0.62, and 0.12 1/kg dry weight per day for the 0, I, 2.5, and 5% 
sodium bicarbonate-treated samples, respectively. 

During the course of the experiment. fluctuations were seen in the potentially inhibitory 
effec1S of the 5% sodium bicarbonate-supplemented sample, possibly as a consequence of 
chemical changes mediated by acidogenesis. A possible factor here was the presence of sodium 
ions, since it has been shown141 that at a concentration of 14 g/1, a 50% reduction in refuse 
methanogenesis was effected. 

In the study of Kasali1J the concentration of sodium ions added, in excess of background 
refuse concentrations, approximated to 14.5 g/1. Thus, since acidification of refuse by carboxylic 
acids increases the ionic strength, it would be expected that as acidogenesis progressed the 
ionization of refuse sodium sal1S should have increased, thus leading to a general increase in the 
total concentration of free sodium ions. In this eventuality, refuse cation toxicity would be 
regulated by the concentrations of carboxylic acids. 

Partial suppon for this hypothesis was gained from the observation that inhibition of 
methanogenesis was coincident with total carboxylic acid concentration increases in the 5% 
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FIGURE 16. Methane evoiUiion rale changes from Jo•c -maimained labora10ry landfill 
models" in which refuse mois1ure con1en1s adjusled 10 field capacil)' by uddilion of I ' )I. •· 

2.S ,.,.and s~ C:h lw/v) sodium bicarhonale solulion>. and gla.s-di>lillcd Wiler, •. 

'J.B 

sodium bicarbonale·supplemenled samples !Figure 17). Re,uhs from ~.:·1Ualland1ilb. ho" e-. ~r. 
ha\'e shown that methanogenesis wa~ the major procc:ss controlling al.'idotroph~. ·' ~· Thu, . .:.:~~ 
determinalion of the effects on sodium bicarbona1e addition; could bt:~1 b.: made during the: e~;i~ 
~tage of the refuse fermentation when methanogene~is was minimal. Frnm Figure 17 i1 car. 0..· 
seen that during this phase, acidogenesis was inhibited in the presence of 5'4 sodium bicarb.:· n­
ate. With time, however, the total concentrations of acids rose, and these were at the expen~e •ll 
methanogenesis. 

Kasali11 also examined the concentrations of individual reduced organic acid' lacc:t;.t~. 
propionate, butyrate, isobutyrate, isovalerate. valerate. and caproate J Juring the .:our'.: of ::~,· 
fermentation. In the first 2 weeks highest acetate concentrations were detected in the I and~ : . 
sodium bicarbonate-supplemented samples, which suggested that the alkali enham.:cd a;..::••· 
genesis. Once again the concentration of sodium bicarbonate appeared to be ..:ri<ical >ITI.;c: 

inhibition was seen in the presence of the 5% solution. As the fermentation ..:ontinuc:d. howe' ~r. 
progressive increases in theconcentration of acetate were apparent. whi..:h suggeMc:d that the: r~t.: 
of acetogenesis was faster than the rate of acetotrophy. This path:m was not repeated "'nh 
propionate since throughout the course of the experiment the highest concentrations "'ere 
detected in the I %-supplemented samples followed by the :!.5<i(. coincident "ith the high.:,t 
rates of methanogenesis. For butyrate, increased concentrations were:, in general. re~orded in the 
presence of increased methanogenic activity. This was. perhaps, not ~urprising ,jm:e but) rk 

acid bacteria also produ~:e hydrogen, and, as such. butyrate production would b~ "'rc:•·tcd 10 nc 
profoundly influenced by the partial pressure~ of hydrogen in the 'am pies. Simtlar panem- •>I 

increased concentrations of acids in the presence of elevated rates of mcthanngcn.:,is "ero: ~· '" 
apparent for i.mbutyrate, i.wvalerate. valerate. and caproate. 
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AGVRE 17. Chanscs in conccnlralions of ''Inial"' volalilc fany acids lacclale. 
~- irobulyrale, bu1yra1c, isovalcratc. valeralc. caproalc) a1JO"C in refuse samples 
adjl.-laomoisaure fieldeapacily by addilion of I !01. 2.5 te).and S,. (u)(w/v) sodium 
bi~ solutions, and alaJs-dislillcd wa1cr •••· All conccnua1ions corrcc1cd by 
sullbl<tioo of rime-uro conccntrarions. 

. 

I 

Finally. KasaJiD determined the gross pH values ofthe refuse columns after a total incubation 
period of 92 d and recorded values of 8.0, 8.3. 7.9 and 7.2 for the I, 2.5, and 5% sodium 
bicarbonale and distilled water-treared samples, respectively. Since these pH values were higher 
!han the initial pH values of the samples, Kasalin concluded thai the refuse was capable of 
generaring addiliooal alkalinily as the fermentalion progressed. In addition lo refuse columns 
rhe imponance of alkaliniry has also been demonstrated in completely srirred tank reactors 
maintained undennoxic conditions.141 ln these fermenrers highesl gas yields were recorded wilh 
an alkalinity oll6 g CaC0

3 
per kilogram 101al solids. From the results of !his study it was 

concluded thar ill !he presence of low alkalinity, fauy acids would accumulale at the expense of 

methane. 

5. Role of Hydngen 
Ahhough oplimizarion of refuse methanogenesis by hydrogen control is not, as yet, a realistic 

option, it is wordl considering the imponant role of !his elecrion donor. In anaerobic environ-
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FIGURE IX. Change~ in conccnuatmn~ u,. methane evohet..l m 1hc pr~ ... c:nt:r: ol llliiiJJ ~.J .. h..::Itl 
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ments where methanogene~is occur~. hydrogen b rarely Jctc<:tcd dc~pitc the prc,cn<:c ull.ugc 
numbers of hydrogen-producing organisms."• From metabolic studies. whilh irnoi,~J the 
coupling of methanogens with hydrogen-produdng bacteria. the conc~pr of inrer>pccic' 
hydrogen rransfcr was developed whereby molecular h~drogcn "··" though! '" pas. !rum 
hydrogen-producing spet:lcs to methanogens. '"Although. thcon:tit:all> .the 1am111alntelh.u" 
genic step could be the key rate-controlling prn<:css iu anacrohir de<:omposilinn. mi<:rob1< ·I·•~• 
cal investigation> have >hnwn that sulfate rcdut:ers consume hydrugcn in sulfalc-coniJifllll,;! 
environments and. as a cnnseljuence. limit I he a\'ailabilir~ of rhis subMralc to rncthanugen' · 
Thu~.the presence of hydrogen in anoxic c:cn,ysrcm' .:an invoke various rcat:tion' "hiL·h "•Ill.! 
inhibit or stimulate methanogenesis. 

KasaiP.' used sealed bonlc:s. which wntinued pul\'eriLed refuse nf 55',; 1 "'" 1 rnut>rurc 
content. to examine the effects of hydrogen. either alone or in combination "ith olher ga>e>. un 
refuse methanogenesis and acidogenesis at 3!PC. In all. four gases/gas mixtur.:' "ere u,o:,l: 
HJCOJN, ( 10:5:!!5); HJCO, (!!0:201: H,; and oxygen-free nirrogen IOFNl. 

-After the first week- of incubation, ·all the hydrogen-supplemented sample' cxh1011ed 
stimulation of methanogenesis in compari~on with the OF~-trcatcd wntrob 1 Figure IS'· 11Ju, 
agreeing with the results of a ~imilar srudy made with lake ~cdimc:nt. "'The app;trelll 'IHIItrl.l· 
tions of merhanogenesi' in presence of KO and 100'-i H. continued Utllil rhc l\\Cillit:lh dJ~. ar 
which point comparable conccnlratinns were also rcc-nnkd wirh rhc .:u111rob . .-\ l"''''hl.: 

wwcm ",.,· .. . ... w" , ....... .._....... a: sa a a --~ ,.~·.s••• : 
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explanation for this could be found if the added hydrogen stimulated methanogenesis from 
Hzt'C0

1
, but inhibited methanogenesis from acetate which was assumed to be the key methano­

genic substrate in the control samples. Due to acetogenesis in the refuse, the acetate pools should 
have increased with time and, as a consequence, effected increased rates of methanogenesis. In 
the hydrogen-supplemented samples, however, the hydrogen concentrations should have 
decreased with time, thus limiting the rates of methanogenesis from HjCOz- Labeling studies11 

have, in fact, shown that carbon dioxide was rapidly reduced to methane in the presence of 
hydrogen with little acetate used before hydrogen exhaustion. Although it may be speculated 
that the addition of hydrogen to acetogenic samples should have resulted in the accumulation 
of acetate, KasalP1 found no evidence of this. According to Wolin, m the theory of interspecies 
hydrogen transfer predicts that under conditions of high panial pressures of hydrogen, anaerobic 
metabolism is altered such that the fermentation is characterized by a decrease in substrate 
utilization, an increase in concentrations of reduced fermentation products such as propionate 
and longer-chained fatty acids, and a decrease in the concentrations of oxidized end products 
such as acetate. The results of KasalP1 were in agreement with these predictions since both 
propionate and hexanoate accumulated in the hydrogen-supplemented samples, although the 
concentrations decreased with increasing concentrations of hydrogen. These results. therefore, 
suggested that the increased concentrations of hydrogen inhibited the generation of reducing 
equivalents within the samples. Evidence for this possible inhibition of glycolysis was found 
with the acetate concentrations, which decreased as the concentrations of hydrogen increased. 

Thus, it appeared that high concentrations of hydrogen inhibited both methanogenesis from 
acetate and heterotrophic acetogenesis. The inhibition of glycolysis should have resulted in a 
reduced rate of carbon dioxide production. Thus, it may be speculated that in the presence of 
100% hydrogen, which exhibited the lowest glycolytic activity, the rates of methanogenesis 
from Hzt'C0

1 
were limited by the decreased production of carbon dioxide. Figure 18 does, in fact, 

show that in comparison with the HjC0
1 

(80:20)-treated samples, the I 00% hydrogen-treated 
samples exhibited decreased productions of methane. 

Figure 18 also shows that. in comparison with the control samples, methanogenesis was 
reduced in the presence of HjCOfN1 (10:5:85). The 2:1 ratio of HjC01 offers a possible 
explanation for this since the production of I mol of methane from HjCOl requires the reduction 
of I mol of carbon dioxide by 4 mol of hydrogen. Thus, it would be anticipated that hydrogen 
exhaustion would have resulted in excess carbon dioxide, panicularly if this gas was also 
generated, which, in tum, would have inhibited methanogenesis from acetate.

111 

In addition to these possibilities, sulfate reduction could also have been operable. However. 
since the samples were found to have a mean total sulfur content of 0.04 mmol/g dry weight, it 
is unlikely that their effects were significant. Although in sediments low in sulfate, sulfate­
reducing bacteria have been shown to degrade propionate and longer-chained fatty acids to 
acetate,'~' similar results were not reponed by Kasali.11 In this latter study the major influence 
of hydrogen was on the methanogens, which led KasaiP1 to speculate that methanogenesis was 

the major hydrogen sink in anaerobic refuse metabolism. 

6. Eft'ects of Carbon Dioxide and Methane 
The inhibition of microbial metabolism by fermentation end products is well documented.

111 

Thus, for example, it has been reponed that refuse acidogenesis and methanogenesis are 
inhibited by a combination of high concentrations of carboxylic acids and the resultant low pH 
values.•wo However, although the labile carbon fraction of refuse is ultimately mineralized to 
carbon dioxide and methane. the influence of these two gases on the refuse fermentation has 
received little attention. It is apparent that carbon dioxide and methane both flux out of landfill. 
provided that the gas pressure in the refuse mass exceeds the atmospheric pressure, although the 
thickness and permeability of the cover material may be limiting factors here. As a consequence 
of the latter, it may be predicted that carbon dioxide and methane are always present within a 

(' I \ 1-17 

fermenting refuse mass. Hansson •so made a literature review of 1 he effects of these two gases on 
methanogenic fermentations and concluded that, with the exception of methanogenesis from H j 
COl. carbon dioxide exerted inhibitory effects on methanogens. Unfortunately. no report-~ 
regarding inhibition by methane were found, and the degrees of inhibition mediated by carbon 
dioxide at different pressures were not known. 

Kasali
11 

used sealed bottles, which contained pulverized refuse of 55'k. IW/WI moisture 
content, to examine the effects of carbon dioxide and methane on refuse methanogenesb and 
acidogenesis at 30°C. In all, four gases were used: OFN (control). CO, CH .. and CH ,co. 
(60:40). Duplicate samples from each treatment were then incubated either-at atmos~heri~ 
pressure or under a head-space pressure of 0.6 bar ( 8.5 psi 1. for a period of :27 d. At this point 
the samples were assayed for total volumes of methane evolved and carboxylic acid~. 

The presence of carbon dioxide alone was found to have effected a 98~k reduction in the 
volume of methane evolved compared with the OFN control, thus agreeing with the resuhs of 
an earlier study."' In the presence of carbon dioxide, decreased concentrations of acelate "ere 
also apparent together with increased concentrations of butyrate and caproate. TI1is apparent 
inhibition of acetogenesis was also reponed by Hansson.•!• who recorded slight retardation of 
acetogenesis from butyrate but total inhibition from propionate in the presence of high 
concentrations of carbon dioxide. The increased concentrations of butyrate and. more particu­
larly, caproate could be explained by the theory of interspecies hydrogen tran,fcr.'' whereby 
under conditions of inhibited methanogenic activity.these reduced acids act ash~ drogcn ,inks. 
and their degradation is inhibited by high partial pre,sure• of hydrogen. 

Although the results ofKasalin suggested that methane generation from H./CO. in n:fu"'~ '-'a' 
inhibited by high concentrations of carbon dioxide. these findings .:ontra~ted ·" ith thn>c <ll 

Hansson and Molin, 113 who found no inhibition. It must be noted, ho"'e,·er,that in the laner >tud~ 
the inoculum used was obtained from a sewage sludge digester and the substrate examined "a' 
glucose. In addition, the hydrogen partial pressure was regulated by interaction between the 
methanogens and sulfate-reducing bacteria. 

The mechanisms by which carbon dioxide inhibits methanogenesi' are nm ~ et knuv. n. 
although it has been speculated''" that the inhibition rna~ be due 10 the rai'lnl! of the r.·,hl\ 
potential. A second possibility ;, that carbon dioxide: Jis,oh·es in the cc:ll memhran"' o11 
methanogens and impairs membrane function by increa,ing its tluidity. In euhc:r of thc:,c 
e1 entualities, then, both hydrogen- and acetate-utilizing methanogen, v. ould ha1 e been mmt>­
ited. In the study of KasaW1 the presence of methane supplementations re,ulted 10 fennentJuon 
balance changes such that elevated concentrations of acetate. propion;~te. 1sobu1~ rate. but~ ralc. 
valerate, and caproate were recorded. The one exception wa, ilol alerate. "'here a ,ligntl~ 
reduced concentration was detected. Although, under the .:onditinn' of this e:..pcnmcnl 
acetogenesis wa~ not inhibited. it is possible that reduced mc:thanogcnc,i~ nu} ha1 e resultc:J. ·· 

In the presence ofCH)C0,!60:-WI elevated concentration, ,1f JCcl.olc. i~o•hull ralc:. bu1:- r ~~-­

and .:aproate were again reponed. but not propwnate. ilrJ\al.:rar.:. and valerate. B~ lll,·r.:.:·.;;.· 
the headspace gas pres~un:~ by an approximate fa.:tnroftv.u.t<:nnentation balam:c: ..:hangc' .·. cl. 
once more apparent. In particular. mcthanogen.:si' in both the OFN- and CO,-trc:atcd >amp•.:· 
approximately doubled. Although an explanation forth is v.a, no1 readily apparent. ill> p11--;f>ic 
that the elevated pressures increased the phase transfer of substrate' tn the mc:thanogen · 
Despite this stimulation. however. the CO:·supplemented sampks still exhibited a ,,,. • 
inhibition of methanogenesis. in conjunction with increased concentrations of bul> rate. 1 •lcr· 

ate. and caproate, but not acetate. compared with the OFI"-treated cnntrob. fromthe>c rc•:lll· 
Ka;,alin speculated that the elevated pressures had only affected the rc;~.:~iur; rJI.:,. "'nr. :n,· 
actual effects of the gase~ on refuse metabolism unchanged. Support fur 1hi' fl'''''"'ln~ ·'·'' 
found in the concentrations of acetate which were lower than in the ,·urrcspondm~ amr 1cn1 
pressure treatments, possibly due to mcreased methanogenic activit~. 

If it is accepted that high partial pressures of carbon dioxide <:an inhihilmcth,UII>gcn..:·.· 111 

;SJ 
- ~-.~----~--~------.............. . 
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refuse, then the carbon dioxide "blooms", which were assumed by Farquhar and Rovers12 to 
occur typically in landfill, could exert adverse effects on methanogenesis. Funher evidence for 
this was gained from the study of deWalle and Chian,100 who were unable to establish 
methanogenesis in refuse samples which developed such "blooms". Similarly, Rovers and 
Farquhar101 observed that in a refuse cell where the carbon dioxide concentration reached 90% 
by volume, only 2% by volume methane was found after an incubation period in excess of 5 
months. 

E. SITE STRATEGIES 
Despite the number of studies made, small-scale laboratory experiments do not appear to 

simulate accurately the in situ situation.1 However, from these studies it may be speculated that 
control of gas production, by manipulation of a single site variable, may result in additional 
operation constraints and, in addition, mediate uncontrolled changes in other factors. 159 Despite 
the claim by Rees" that the landfill fermentation can be controlled and directed by judicious 
manipulation of water content, thermal regime, and refuse density, so that refuse carbon 
compounds may be wholly converted to methane and carbon dioxide, this statement appears to 
be extremely speculative, panicularly when one considers the significant lignin content of 
refuse. 

Landfill site practices, which must not interfere with the day-to-day running of the site, to 
promote methanogenesis within a refuse mass have been described by Rees71

•
1w and Steg­

mann,'•' In the strategy developed by Rees100 the suggestion was made that a first lift of low 
density (0.35ton/m1) refuse, diluted with material such as wood, paper, pulverized or aerobically 
stabilized refuse, should be placed at the base of the fill and allowed to decompose aerobically 
to effect both a temperature increase and the generation of water. Subsequently, controlled water 
additions should be made to a discrete site area to the base of the fill via a central well and allowed 
to rise at a rate of between I and 2 m/year,thus maintaining the acetogenic and methanogenic 
phases in balance and also preventing excessive cooling. Rees 71 speculated that high rates of gas 
production would preclude the diffusion of air into the refuse mass with the cover material an 
important factor here. The suggestion was also made105 that in temperate climates an insulating 
layer of refuse of approximately 4-m depth should be present above the reactive zone. for which 
the stan-up could be promoted by the addition of anaerobic digester sludge. to minimize heat 

loss to the atmosphere. 
The site operation advocated by Stegmann 161 essentially utilized the same microbiological 

principles as that of Rees. 100 An initial noncompacted aerobic layer was again advocated for a 
period of between 6 and 9 months. Following this, the suggestion was made that the refuse 
should be compacted in low layers over large areas and supplemented with recycled leachate. 
The major difference from the Rees100 strategy was the building of the landfill as a mound with 

a sealed base. 
For both of these strategies, control of the site water balance115 is a critical factor to obviate 

abstraction difficulties which may result through partial flooding of extraction wellsJ due to. for 
example. the presence of high water tables. 

F. ALTERNATIVE GAS GENERATION STRATEGIES 
As an alternative to landfill gas generation, anaerobic digestion of refuse or landfill leachate 

may be considered. Before biomethanation of refuse, which is only possible in the presence of 
a high putrescible content,11 pretreatment may be required to reduce the panicle size and separate 
the organic fraction.162 Naveau1u examined various pretreatment options and concluded that 
crushing with a ball mill at elevated temperature was the most effective with respect to increased 
biogas yield. As an alternative to this, an initial composting step or enzyme pretreatment was 
advocated. Earlier, Ghosh and Klass161 described a strategy which involved the coarse shredding 

~ i 

l-'9 

and air separation of the organic fraction prior to fiberization 10 a product with a median size of 
0.6 mm and a moisture content of 6%. The material was then mixed with sewage sludge at a ratio 
of 80:20. Supplementation with liquid manure or sewage sludge to maintain the C:N:P ratio 
around 100:5: I has also been advocated by many workers.''._.,_m_,., ... J.tM-no Finally. thenno­
chemical pretreatment may be made after sewage sludge addition.'" Although prior to 1985 th.: 
only full-scale operational plant was located in Sao Paolo, many laboratory and pilot-seal.: 
reactors have been described 11

•
97·m·1...,· 1

•
1

•
162

-'""·1..._, ... m-m in which the yields change (80 to 320 
m-'/t organic mauer)161 according to the digester contiguration. Both batch and cominuuu~ 
fennentation systems have been described and have included unstirred and completely stirred 
tank reactors (CSTR)' .. and plug !low systems. In addition to these ~ingle-stage system,. two­
stage and two-phase bioreactors have been described. A two-phase digestion process was tirst 
described by Ghosh et al. 171 In this treament, fiberized refuse was digested in the presen~e of 
sewage sludge. Later, Augenstein et al. 173 proposed a two-phase system with rct.:yde in "hid1 
a packed bed reactor was linked with a nonbiological activated carbon system as the second 
phase. With the development of the UASB (upflow anaerobic sludge blanket). howev.:r. the 
activated carbon system was replaced by an upllow reactor. m 

Pauss et at••• compared the biomethanation of refuse in a two-step proct:~~ with tht:. uhcn 
unreliable, CSTR. In all. the study was initiated with four obj.:~tives: 

I. 

3. 
-'· 

To examine the unreliability ofbiomethanation in a CSTR and th.: factor' whid• ~~"'"it 
To correct unreliability by use of physicochemical additive' 
To develop a more efficient process 
To examine the feasibility of refuse biomethanation in the prc,.:m:c uf '.:puc· 1ank rc•tJuc, 

From the results of this study it was concluded that tht: content of refu,e ., panicularl) 
important since optimum biomethanation was only apparent in the pre!>l!nce ot 16 g CaCO. p.:r 
kilogram total solids. With refuse of low alkaline content it was shown that Na.CO, ,uppkm.:n­
tation stabilized the proce~s. A second key cumponent was found to be: th.: ~~llulosc/hcrlll~cl­
lulose which necessitated a minimum COD refuse contt:nt uf approximat.:l~ ~0'; P•·lil I•• 
minimize the lag period and to effect high methant: produ~tiun 10 hah.:h ~uhurc. H ~ u'c, 11 .1 I·•, 1-
'tepprocess (percolator reactor plus up !low digester). ho"cvcr. higher lo<ttling r;llc' 1 ":' cnt•1ld • 
could he accomodated, and the~e resulted in com:omitant higher lll<!thanc pr11du~ti"" r.ttc·. 
Ui\"efold) compared with the CSTR. In a second two-stage r.:actor tpcrcnlation r.:aw>r plu­
tluidizt:d bed digester) improved perfonnance. mmpared with th~ CSTR. "a' .1~'1111 n.:u1rJcd 
Finally. hiomethanation of domestic refuse in the prcsenl:c of scptk tank rc"du<· prm.:d lot'<" 
more reliable than biomethanation of refuse alone. 

I. 

.l 

Later. Naveau et at"" reponed the developm.:nt of thn:.: pnll.·c:,"··: 

.-\ completely-mixed wat.:r diluted prc>e.:" 

.-\ 'cmidry proces~ 

.-\ "dry" process 

The final, "dry", process may be operated on a ~emiconunuou~ or wntinuotb t>a,1,.1n t-r .~r~c.:. 
for example, a semicontinuous process for the dry fenncntation uf .1 prccomptht "hrcJd~d 
refuse after a short aerobic decomposition stag.: 1 has he~:n investigatc:d.' ;: A similar pro.:.:', h.t.' 
ht:en developed in Belgium whert: yields of 60 m-'/t refu~e and C)( I m '/tuf pro.:.:on1p•"t ha' ~ PWII 

ulltained with bion:actor retention times of 2 and 3 w.:ek~. r.:,pel·ti' cl~. 
Whichever combination of hioreactor cunliguratinn. tr.:atm.:nt prm:c·"· .mJ opcr •• uon 

strategy is adopted. hnwe\'er. consideration ~hnuld he gi' en tot he pol<'llti;tl pronlcntot -ludt!.: 
Jc\lataing. 

__________________ .,... _________________ _ 
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Unfonunately, the costs of this alternative energy recovery process are often more expensive 
than those associated with gas abstraction from landfilled refuse. In addition. the actual volumes 
of refuse involved could prove to be problematic. 

To maximize gas recovery from landfill leachate would necessitate in situ inhibition of refuse 
methanogenesis. This may be accomplished by rapid elution of the refuse mass with either water 
or recycled leachate, thus resulting in the production of high concentrations of reduced organic 
acids which, in tum, would also lower the pH to the detriment of the methanogens. By 
manipulation of leachate production in this way consideration could also be given to the 
solubilization of molecules such as lignocelluloses by promotion of acid hydrolysis, which 
would then reduce the current protracted stabilization periods and, thus, allow the land to be 
returned to positive usage more quickly. One possible problem would be the solubilization of 
toxic heavy metals which could prove to be troublesome in the digester and, thus, necessitate 
a pretreatment stage. 

By use of anaerobic digesters such as upflow bioreactors and fluidized beds, the methano­
genic fermentation could be controlled by loading rate adjustments and, so, match energy 
production with industrial demands, in terms of both quantity and time periods, and this would 
be reflected in the digester configuration. Since leachate quality varies with time, a series of 
digesters would be required. the number of which would initially mirror the size of the site but 
would be reduced as the leachate concentration fell. This strategy would have the advantages 
that holding-tank storage would be minimized and the modular digesters could be moved from 
site to site as required. As an alternative, centralized digesters could ~erve a number of sites. 
although leachate transponation costs might prove prohibitive. 

G. GAS ABSTRACTION, TREATMENT, AND USES 
Over the last decade interest in gas recovery from landfill has increased considerably. with 

the U.S. leading the way with 81 facilities (>80% of which are owned by private sector 
companies) either on line or in the planning stage by 1984. ''"The European community has not 
been slow to respond to this challenge, however, since the two sites in operation in 1980 rose 
to at least 36 in 1983. 111 ln the U.K. alone it has been estimated that there are atleast6691andfills 
which are capable of producing enough gas to generate useful amounts of power. Landfill gas 
abstraction is now truly global. with recovery practiced or planned in countries such as Brazil. 
Canada, Switzerland, and Japan. 

According to Steams, 15 gas recovery in the U.S. has been practiced on sites which vary in size 
from 38 to 1214 acres (average 160). although Bogardus 1 laterreponed an extended range of 15 
to 1500 acres with an average site size of 169 acres. In the U.K. the sites are somewhat smaller 
with the largest (Aveley) 25 ha and the smallest (Bilham Grange Farm) only 4 ha. Character­
istically. refuse depths in these sites have been between 20 and 300ft with an average of 100 ft. 1 ~ 
Feasibility of commercial gas extraction is often based on the satisfaction of specific site 
criteria;7 I to 2 million t of in-place refuse; an average refuse depth of 40ft; an active fill area 
of 40acres: a refuse intake of 4001/d; the landfill eitherrecently closed or, preferably, still active; 
and a market for the gas in close proximity. 

1. Abstraction 
One method commonly used for recovering landfill gas is pumping from recovery wells 

which are linked to venical or horizontal perforated pipes.•so·111 Abstraction is, however, often 
preceded by indirect determination of gas production rates by methods such as those described 
by de Walle and Chian"" and Rees'M rather than the much more valid radiotracer technique.'" 
The development of an effective gas abstraction system necessitates experimental evaluation of 

a number of factors including; 

I. Selection of a withdrawal rate that can realize gases with maximum land approximately 

constant) heating values 

0 

' I 

'l 

3. 
4. 
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Establishment of adequate pressure gradic:ms to assure sca\'Cnging uf landfill ga~c' 
without interference with adjacent wells 
Optimization of the energy requirement for gas withdrawal 
Determination of the numbers and locations of gas wells 

In order to achieve these goals, a test well and supponing monitoring wells mm.t be drilled and 
a series of static and shon-run tests made to evaluate landfill pressure profiles (stati.: JnJ 
dynamic). gas composition and heating values. and constancy of withdrawal rates.) 

Typically. venical wells are sunk into the refuse by boring or punching. Perforated pi~- arc 
then placed centrally within these and c:ach annulus fillc:d "ith granular material ,uch as gra' d. 
crushed stone, or broken brick. The upper ponion of each pipe is unpc:rforated. and here the 
annulus is filled with a sealing material such as concrete, bemonite, or polyurethane foam. The 
wells, usually sited between I 00 and 150m apart; are then connected by horizontal pipes" hich 
are usually of polyethylene, or polyvinyl chloride (PVC) material. u•.••• Alternatively, car tin:s 
may be used. 159 Pumpst161·"' may then be applied to establish a pressure gradient within the 
landfill and thus facilitate gas flow into the wells which are fined with control \'alves. A> an 
allemative, blowers 161 may be applied to increase the recovery efficiency. At this stage care mu>t 
be taken to ensure that the negative pressures created do not effect atmospheric gas penetration 
of the soil cover.% In this eventuality aerobic environments would be created "hich not ,,nJy 
would be detrimental to methanogenesis. but also would result in the generation of clml·cmra· 
tions of carbon dioxide which would reduce the caloritic <jUalil} of the absuactc:d ga,, r,, 
minimize these potential problems Vestraere et al."" sugge>h!d a maximum drain ovcrpr~,,un: 
of <0.5 mbar. 

As an alternative to the venical wells, perforated pipes may be: placed horizomall~ and 
connected in a grid-like network. This type of ab~traction. howc,·.:r. which i> often U>ed in 
shallow sites, necessitates that the landfills be built up to the linbhc:d level. with due r.:garJ to 
,c:ulement, as quickly as possible. The area of working b. therefore. restricted "hich. in tum. 
can make the laying of the wells more difficult. A third ahemati\'c for ga' .:ollccllttn 1' 
pol~ ethylene dome coverage. of a specilic site area. whkh was C' aluatcd h} ~ '''" ·· in r~; ·' ,,. 
I> ,imeter studies. For site operation, however. sealing problc:nh exbt. In additi11n. the .:o-t· ~r,· 
high. although. as yc:t, no comparable ligures are availahle fur the three Jiffc:r~m .:nllr,lo•>n 
.11ethods. 

The actual choice of gas recovery strategy is. however. often made on the ha-t, of" hcthcr 
refu>e emplacement is still in progrc:>s.' ''' 

2. Treatment and Storage 
Once recovered. landfill gas may he subjected to ueatmc:m··· ··• p11or 1o u•c tia, dc~:.,n:: 

techniques include dehydration. to remove condensate anJ rc:du.:c .:ttrro,ttm .• r .. t .o,J-nrr:. ;;_ 
liquefaction and adsorption. to remove carbon di<l\ide .u.d h~dro!!cll ,ulfidc .. .thi j>:ollo ..... , .. 
removal. A number of gas puritil.:atiun proce"e' .uc .;.umr.cr,·tall) ~· a1lahlc .11\d : .. " _. 11 ... . 
u'e in the petrochemical industry. 

Although landfill gas production could bc ret au' dy c .. n,tam "llh liulc ,IJ .. r: ,,.n .. ..:1 .. ,, 
utilization could. nevenheles,. be subject In o.:hangc,. Thu~ . .-on"d~rall< HI ,hnuld ": g" ,... '~'•· 

following: 

I. If gas production ex,·c:cJs dcmand. intenn.:diatc !!"' -turage j, .-. .. t r,·yuu;.l. :duo., .. ~-._, 
.:onsidcrahlc los~ nf ga' may he antidpawJ. 
If gas production i' ln\<l'r than peak demand.ga' ''"r"~'· lllil\ tx· lk'L'L'"H.c.ltu "1'':, 
gas usage. 

In prin,·iple. only high·gradc ga~ mixture~. with millllllJi '''.'1!Cil ,.ullcnh. ,1;, .old he ·l ·:.1. 

I ntortunatcly. o.:umpression cnlllaincr~ arc Uthuitat>k fur ·I• •rill)! Ia mit ill );!'t' due 1111he Ia,: 111.11 

.,,.,,, ______ ___..._._ ________ _ 
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the critical temperanue of methane (Tk = -82.5°C) is too low for liquefaction at room 
temperature. Thus. suitable compression containers would require endurance pressures >200 
bar. 

3. Gas Uses 
Once the feasibility if gas abstraction is established, consideration should be given to 

methods of effective exploitation which may include: 

I. Direct use of low Btu gas with minimal cleaning (a) injection into existing natural gas 
transmission lines (b) delivery to adjacent interruptable gas consumer (c) on·site genera­
tion of electrical power 

2. On-site cleaning to high Btu gas for direct pipeline use(:£}, 100% methane) 
3. On-site conversion of methane to liquified natural gas 
4. On-site conversion of methane to methanol 

Landfill gas, with a low Btu of 400 to 700 per standard cubic foot,'" has been used as a low-grade 
fuel, for uample, to fire brick, and cement kilns, raise steam, and heat green­
houses.7 ...... 16·11·112·'16."'·192 Since minimal cleaning is required, this represents a low capital 
investment. Alternatively, the gas may be injected directly into a natural gas transmission line 
after dehydration and possible removal of toxic components to obviate potential corrosion 
problems. Direct gas use for electric power generation'·'"·'•'·'"''·'•J has been demonstrated at, for 
example, the Sheldon· Arleta landfill, Los Angeles, where a substantial recovery of net energy 
was made. Unfonunately, in many cases, the conversion efficiency may be as low as 30%.1"0 

Although purification to upgrade the gas, to give a Btu of900 to I 000 per standard cubic foot 
may require substantial investment in capital equipment, the gas may then be injected directly 
into pipelines.1.1' Alternatively, the gas may then be liquified (300 lb psi)116 for fuel.'·'•·•• 
although since the costs involved are relatively high, this technology may be limited to site~ with 
high gas deliverability. Finally, consideration may be given to conversion to products such as 
methanol and chemical feedstock.' hydrocarbon fuel replacement. and coal replacement. of 
which the latter two have conversion efficiencies of 95 and 85%. respectively."• 

Whatever the final use, however. the benefits of the energy produced may be maximized by 
usage at the landfill. although where industries are established to take advantage of this. then due 
consideration should be given to possible problems, such as gas seepage and land settle­
ment.191·'~~" 

j I. 

I 2. 
3. 
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