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ABSTRACT

Anaerobic digestion of municj-pa1 sorid waste enriched
with waste secondary sludge has been accomplished at sorids
concentrations of 20 to 40å. ey utilizing the waste near its
original solids level, handling and water requirements v/ere

mj-nimized. Valuable end.-products of methane and compost r¡/ere

obtained.

Experimentar work invoÌved the anaerobic digestion of a

synthetic municipar sorid waste (MSW) , mad.e using high nev/s-

print content and food waste, supplemented with waste ser¡rage

sludge (wss) . The responses measured r¡¡ere biogas produc-

tivity, percent methane, total sorids and voratil-e sorids,
alkai-inity, pH, and volatire fatty acid concentration. This
study was undertaken to determine the optirnum temperature,

solids leveI, and MSW:wss ratio for a hÍgh paper content North
American waste and to gain a further understanding of the
effects of various operational variables.

Dry anaerobic digestion v/as successful at solids levels
beyond 2oz. optimun biogas production rates were real-ized j_n

thermophilic digesters. Mesophitic digesters with same

operating parameters, were more stable in operation but
yielded 30å less biogas. optimum operating parameters found

in this study v¡ere solids concentration of 30 to 3sz I ronger

retention time of 2i- days, and a MSW:WSS ratio of one.
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J.. O TNTRODUCTTOSÛ

Energy can be recovered from municipal solid waste (MSlü)

through either incineration or methane collection resulting
from anaerobic decomposition (chynoweth and Legrand, j_ggg).

Generation of methane has been accelerated through leachate
recycle in landfills (in-situ recovery) or through batch

anaerobic digestion, at various total solids (rs) levels (Ten

Brummeler et â1., t-9g8; Kasali and Senior, j-999).

High solids anaerobic digestion has been achieved at
totar solids concentrations above 2oz. Most rnunicipal sorid
waste generated has a solids content near 40å TS (AIi Khan and.'

Burney, 1-989). By utilizing the waste near its original
solids Ievel, handling and water requirements are minimized.

Dry anaerobic digestion (DAD) reduces vol-umes to be processed

and may elininate liquid effruent. DAD produces varuable end-

products of methane and compost (I,Iujcik, 1980) "

one of the demonstrated vrays of increasÍng the rate of
digestion has been co-digestion of MS!{ with waste secondary

sludge (six and DeBaere, i-988). other methods investigated
incruded i-ncreasing digestion temperature, lowering solids
concentration, increasíng nutrient supply as well as other
process variations (pfef f er , 1,973 i Cecchi et âI. , 1_988;

Graindorge et â1., 1989).

The effects of variations in temperature, solids con-

centration, srudge content, along with other operational



variabres such as waste composition have not been well_

documented" severar European continuous-feed high sol-ids

anaerobic digesters are at the pilot prant stage, with one on

a commercial leveI. Little information on high sorids
anaerobic digestion has been gained from these prants d.ue to
their commercial nature.

The MSI,{I found in North Arnerica has a much higher paper

content in comparison to European urban waste (Graindorge et
â1., l-989). The MSw in this study hras a synthetic v/aste,

made up of newsprint and food waste, supplemented with waste

secondary sludge (WSS).

The goal of this study was to determine the optimum

operational parameters for a high nev/spaper content municipal
solid waste supplemented with waste secondary sludge.
Operational variables considered were:

- temperature

solids concentration

- MSI^I :!'ISS ratio and

- mass retention tine.
Performance indicators used $/ere:

- biogas productivity

- bíogas composition

- removal efficiency

- VFA concentration

- pH and

- alkalinity.



2 " O TJITER.ATURE REVIEW

The following literature study is intended to cover the
operationar parameters important to the in-vessel anaerobic

digestion of high sorids, particularly as it. relates to MSw

and waste srudge degradation. Municipal solid waste com-

position and end-product use are presented. Anaerobic

digestion in randfills and batch in-vessel digestion are al,so

covered to a lesser degree. The discussion does not intend
to describe anaerobic digestion in general" This topic has

been well covered by many others (parkin and ohren, L9g6¡

Pfeffer, L979). Tabre 1- gives a comparison of results from

both continuous and batch studies.

2.L Effect of Solids Concentration

The effect of sorids concentration on substrate degrad-

ation has been reported to be significant. rn sludge diges-
tionr âr1 increase in totar solids decreases process efficien-
cy. rn high solids digestion of manure substrate mixtures,

methane product,ion decreased considerably between 3o and 3sz

TS (Wujcik and Jewe11, 1988)" Graindorge et at. (j.989)

digested MSlil with high levers (4oz) of paper and cardboard,

they found that due to the rheology of the digestate a sorids
concentration of 25å should not be exceeded" present valorga

operating sotids l-evel was reported to be 35å Ts for a highry
f errnentable organic waste "
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Researchers using the Dranco process have been operating at
a total sorids level of 3o to 3sz I digesting a highly
fermentable organic MSw (oMSw) (DeBaere et âf ., j_98s).

Research to date indícates that digestion of highry ferment-
able oMS$r is most feasj-bre in the range of 30 to 3sz Ts.

Higher paper content wastes have not been examined in detail.

2.2 Effect of Temperature

rn the batch digestion of oMShI, temperature was found
rrto exert significant effects on the interrelated rnetabolic
processes of acidogenesis, solventogienesis, and methano-

genesisrt (Kasali and senior, 1989). At 4o? TS, thermophilic
temperatures (55 oc) proved inhibitory to biogas productj_on

and there was an accumulation of sorvents. A bactericidal
effect was observed to occur on the methanogens at the 55 oc

incubation temperature. It r¡/as concluded that optirnal rates
of methanogenesis can be rnaj-nt,ained only at mesophilic
temperatures.

Debaere et al. (198s) observed both rnesophiric and

thermophilic oMsw digesters, producing simiÌarly 6.2 m37m3r'td

at loadings of L4"3 to Lz.z kg coo/m3*d, using a highly fer-
mentable oMSw" At a higher loading rate, of 19.6 kg coD/rn3*d

mesophilic gas production decreased by about Lot. I^Iith a

higher coD loading of 21.4 kglm5od th" thermophilic digestion
rate increased to 8.s m3 biogas/n3r*d. At the total solids
content of 30 to 352, the thermophiric digester was capable



of operating at a loading rate zsz above the maximurn meso-

philic loading rate"

using randfilled MStv with 39 to s7z Ts, optimum operat-
ing temperatures reported by other researchers have been 4r
oc (Hartz et â1., LgB2) and 42 oc (Mata-Alverez and Martinez-
Virturtia, l-986 in Kasali and Senior, 1999) .

At a long retention time of 30 days, pfeffer (t973) found

thermophilic digestion in srurries (4 to J-oeo TS) to be 60z

more efficient than nresophiric. using landfirl slurries
(greater than 5z TS), 5oz greater gas production rates were

reported for a 30 day retention time at thermophilic temper-

atures compared to mesophiric (cooney and lvise , 1-g7s in Kasari
and senior, 1989). using piggery and dairy wastes (3-l_8u TS),

performance of thermophilic digesters was more efficient with
increasing roading conditions. At a retention time of 6 days,

30å more gas production was realized at thermophilic than

mesophi-Iic tenperatures (Kimchie et aI., j-9BB) .

seemingly contradictory to the above findings, Buivid et
aL. (1981) demonstrated the importance of temperature and the
initiar methanogenic popuratíon by adding digested sev¡age

sludge to refuse. rn the presence of a t-oå (w/w) inocurum,

the totar vorume of the methane evolved was higher at 60 oc

than 37 oc. when the inoculum was reduced to 5å (w/w), there
vrere reductions in methanogenesis such that only 22 of the
methane generated at 37 oC was prod.uced. at 60 oC,



Thermophilic operating temperatures appear to result in
higher removals and efficiencies. other researchers report
operational difficulties in the thermophilic range. The

effect of temperature, arthough present, is not definitive.

2"3 Effect of Retention Tirne/Loading Rate

rn the digestion of barley straw and dairy manure at an

average total- sorids of L3z | 35 oc, methane production was

reported to be L.27 Eo 2.a6 rn3/m3r*d, at loading rates of s.2
to L2.5 kg vs/rn3*d respectivery. Efficiency was reported to
be fairly constant for retention tirnes (RT) greater than zo

days but dropped off considerably for retention times l_ess

than l-5 days. with a decrease in retentj-on tine from zs to
l-o days Èhe same researcher observed a decrease in methane

content from 62.5e" to 57.42 (Hi1ls, 1_980a).

other researchers, using a 62 TS slurry of oMsvt with
primary sludge (PS) or wss, found that the best resurts from

an economical and processing point of view were obtained at
a retention time of 74 to 15 days. Below this point there
$/as a wash-out of bacteria. Beyond two weeks biogas remained

rerat,ively constant indicating l-5 days as the most economj-cal

retention time (Cecchi et al., 1988).

ïn another study, âr increase in retention time from L7

to 25 days did not significantly improve conversion of organic
matter. An increase in conversion from sLz to s6z Lras



reported" For oMSw containing 42å paper and cardboard, a t7
d RT with 25e" Ts was recommended (Graindorge et âr., 1989).

using a systems analysis approach, chynoweth and Legrand

(1-988) deterrnined the optirnum economical retention time for
high solids anaerobic digestion to exist near 3 weeks.

Researchers report that optirnum IURT may vary from l_5 to 2s

days depending on temperature, solids concentration and

substrate "

2.4 Effect of pH and VFA

Most researchers found that it was necessary to provide
buffering to high sorids digestion, suggesting higher rates
in hydrolysis and acidogenesis. Methanogenic popuJ_ations have

been seen as the rate tirniting step. Mao and pohl_and (Lg73)

found that in sludge-seeded studies, methanogenic bacteria
\Arere soon outnumbered by acidogenic species, due to their
sensitivity to oxygen and their lower specific growth rates.

carcium carbonate was not effective in buffering (Ten

Brummeler et â1", l-988). Jewell et aI. (1981) found caco, did
not control pH sufficiently. sodium bicarbonate gave best

results" The initial buffer/substrate solids ratio was 0.06.

The actual Na* concentration during the study v¡as g.9 g/L,
which exceeded reported toxicity revels for methanogens

(Duarte and Anderson I L9B2 in Ten Brummeler et âr., 19Bg).

rn batch studies using hand-sorted landfirl refuse at 4oz TS,

2.52 (w/v), sodium bicarbonate was shown to promote fermenta-



tion" A l-ower concentration near 1? is specurated to be more

cost effective in conjunction with the optirnization of
different variables such as refuse densj-ty, moisture content,
pH or temperature (Kasa1i et al", L989a).

DeBaere and his corleagues found voratile fatty acids
vrere inhibitory to the hydrorysis phase at relat.ively low

concentrations so that onry a maximum of 2o-30 g/L were

produced in the form of volatile acids and lactic acid. The

pH at this point was reported to be 1ow, between 5.5 and 7.0.
Above this concentration of organic acids, hydrorysis was

reported to cease (DeBaere et al., L9g5).

rn the operation of dry anaerobic digesters buffering
has been recommended to rnaintain pH near neutral. voratile
fatty acid concentration has shown to become inhibitory if
allowed to accumulate"

2 "5 Effect of Digestate Composition

The composition of urban municipal solid waste can

greatly affect the performance of digestion. Table 2 gives
a breakdown of the typical wastes from European and

North American cities. paper and cardboard make up 4sz of
canadian urban waste. European urban waste contains a greater
percentage of highly fermentable organics and less paper.



ET'ROPE
(F) (FRG) (uK)

30 20 33

NORTH AI{ERICA
(u. s.À" ) (cAN. )

37 "tPaper and
Cardboard

Biodegradable 25

Fines t7

Inerts (tota1) 19
Glass 8
Meta1s 6
Plastics 5

Miscellaneous 9

(per cent weight,)

42.3

1r_. 5

23.t
t-1_. 6
3"9
7.6

3.L

23 .4

7.7

25.7
]-4.4
7.L
4.2

9.9

28.4
9.7
9.6
7"2

8.5

45

26

1_

20.4
6.5
6.4
5.7

7.8

"9

26

(Bonomo and Higginson, l-988)

Tab1e 2z Urban Refuse Conposition Data

10



The paper fraction of the oMSw has been shown to be the
most difficurt organic fraction in anaerobic degradation.
Newsprint contains B0? machine produced pulp and paper and

therefore has the highest lignin content of arr cardboard and

papers. Lignin is thought to be insolubre and non-biodegrad-

abre under anaerobic conditions" rt has negative effects on

degradation when cornbined with cellulose (GraindoEgê, t_989).

Ligneous structure within an organic cornplex tends to shield
the celrulose materiars from enzymatic hydrorysis (Hirls,
1e80b).

As already mentioned earlier, the seedíng with sevrage

sludge has been shown to enhance the performance of a high

solids process. DeBoosere et ar. (1996) speculated that the
digestion of paper and paper sludges courd benefit from sup-
prernentation of anirnar manures before digestion in view of
the low nitrogen and phosphorous 1evels.

The quarity of oMSw has been shown to affect digester
performance, operating at 6z Ts. rmprovements in microbial
activity !üere observed when separate collection tsas performed,

instead of source separation of the organic fraction (cecchi

et, aI" L988) "

six and Debaere (1999) studied the digestion of several
different wastes. Their results shown in Tabre 3 indicate
that decomposition of incoming waste hras affected by the waste

cornposition as well as by the nethod of corlection. The cor-
lection rnethod may introduce greater j-nert,s but may also ad.d

11



Mixed MSW
Separately colÌected
MSW - Duobak 43

fruit, veg.+
garden r¡¡aste

Restaurant waste
Paper Sludge
MSW:WSS 2zL

Initial
TS
(å)

56

35
19
5
39

(Six and

Loading

(kg coD/m3r*d)

t7 .3

20

10
11
l_ t_

19

DeBaere, l-988)

coD
reduction

(3)

55

55

50
95
55
56

Table 3: Anaerobic Digestion of Various Organic !.Iastes

L2



needed nutrients. fn Tab1e 3t the mixed MSW at 562 TS

achieved the same coD (chernical oxygen dernand) reduction as

the source separated waste at 432 TS at similar roading rates.
This seems to conflict with the findings of Cecchi et aI.
( l-988 ) reported earlier 

"

As seen from the other org'anic wastes listed, COD reduc-

tion varies. The separately collected vegetable waste has the

lowest coD reduction. This low removal was reported to exist
due to the rapid acidification in the reactor (Six and

DeBaere, L988).

Composition of the digestate as reported by various

researchers affect digester performance. Rheology of mixing

may be a probl-em when using high paper and cardboard contents

(Graindorge et ê1., L989). Acidification may exist with pure

vegetable wastes (six and DeBaere, LgBB) or there may lack of
essential compounds necessary for microbiar maintenance and

growth.

2"6 End-Product Use

The use of the digested blend of OMSW and sewage sludge

has found several applications as a soil conditioner. For

use as a soil conditioning agent, the C/N (carbon/nitrogen)

ratio has been reconmended to be between 10 and 20 (price and

cheremísinoff , l-981). At this ratio the cornpost is considered

stabiLized" At higher c/N ratios carbon and ammonia nitrogen
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exert a high oxygen demand, causing septic conditions, which

often lead to high acidity levels.

DeBaere et a1. (l-987) found the anaerobicarry digested

oMSw to have a c/N of L2 to 15 after three weeks of dj-gestion.

The cumulative oxygen consumption equarJ-ed that of aerobic

compost of 4 to 6 months, indicating a high degree of sta-
bility. Fecal bacteria v¡ere armost completely absent (Debaere

et aI., l-987). rt was the opinion of these researchers that
the anaerobically digested oMSw was more hygienic and dis-
prayed greater stability than oMSw aerobically composted for
4 months. The net effect was a more desirabre soir condition-
ing agent.

Digested piggery and dairy wastes have been tested
successfully as livestock fodder, a component in particte
board, and as an agriculturar fertilizer (Marchaim and creden,

l-981- in Kimchie et â1., 1988).

sources of heavy metals have been a concern in compost.

Heavy metals in the compost have been reduced by 45 to 55? by

pre-sorting MSw, thereby avoiding partial solubilization
during digestíon (Cayrol et â1., l-9BB). ff sludge has been

added, the quantity of metats and pollutants determines the

use of the digestate. Lower quality compost has been used in
Iand reclamation projects.

fn addition to compost,, biogas results from the fermen-

tation process. one cubic meter of methane at standard

t,emperature and pressure has a net heating value of 35rgoo

t4



k,f /n3 (MetcaIf and Eddy,

methane content (DeBaere

content, di-gester gas has

Ig | 690 kJ/rn5.

L979) " Biogas has a 50 to 65Z

et al. 1,987) " I^iith a SSZ CH¿

a heating val-ue of approximately

2"7 Concluding Remarks

The literature survey above, presents the findings of
research in dry anaerobic digestion in municipal sorid waste

to date. some results are conclusive such as the importance

of mass retention time. The reported effects of temperature

are confricting. Researchers indicate optirnun TS, for oMSw

anaerobic digestion, may be between 30 and 3sz. Digestion

of high ner¡rspaper-content oMSI^r has not been adequately

addressed to date.

This study attempts to determine the optimum condítions
for high solids ttdrytt anaerobic digestion of typical high

cellulosic North American waste.

Operational variables considered in the study were:

temperature, solids concentration, MSIrI:I{ss ratio and mass

retention tíme. Performance vras evaluated using: biogas

productivíty, biogas composition, removal effici_ency, VFA

concentration, pH and alkalinity"
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3.0 ENPERTMENTAI, METTÍODS

3. L Experimental Design

A conservative and economic fractional factorial_ ex-

perinentar design (DEXP) was conceived to screen the main

variabl-es that could affect the digestion at high TS contents

(Montgomery, 1,984)" The DEXP was made up of four levels of

TS (252, 3OZ | 352 | and 40å) , two leve1s of temperature (meso-

philic at 39 oC and thermophilic at 53 oC), mass retention time

(I{RT) at two leve1s (15 and 21- days) and ratio at two levels
as weIl. The ratio is the proportion of total weight of MSW

to total weight of WSS in the feed. The responses measured

hrere biogas productivity, percent methane, TS and VS, al-ka-

linity, pH, and VFA concentration.

Tabl-e 4 shows the particular set of factors for the l_6

reactors used in the DEXP. Several other reactors r¡/ere

operated sinultaneously aÌongside the 16 of the DEXP. Data

from these 4, 2 aE each temperature, are used where ap-

propriate. These reactors are not incorporated into the

analysis of variance (ANOVA) because they r¡/ere not part of

the DEXP set-up. Tab1e 5 lists the additional reactors with
their operational factors.
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Reactor

Mesophilic
M1
t42
M3
rq4
M5
M6
tq7
M8

Thermophilic
T1-
T2
T3
T4
T5
T6
T7
r8

Reactor

MO
M9

TO
T9

Temperature
oc

Nominal
TS
z

25
25
40
40
30
35
35
30

30
40
40
30
35
35
25
25

Nominal
TS
z

Ratio
MSW/WSS

1
2
L
2
1
t
2
2

l_

1
2
2
l_

2
L
2

Ratio
MSW/WSS

Retention
Time
days

2L
t-5
2T
15
1-5
1_5

2t
2L

21,
15
2t
15
2L
l_5
l_5
2t

Retention
Tine
days

t_5
15

39
39
39
39
39
39
39
39

53
53
53
53
53
53
53
53

Table 4: Experirnental Design Set-up

Temperature
oc

2t
15

30
20

30
20

39
39

53
53

2
2

2
2

Table 5: Additional Experinental Reactors
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3 "2 Reactor Set-up

Each reactor consisted of a glass jar approximately 3

litres in volume" Figure 1 schematicarly ilrustrates a

reactor with attached gas recording apparatus. Figure 2 is
a photograph of a typicar reactor set-up" Two separate water

baths were maj-ntained at 39 oc +/- 1oc, mesophilic, and 53 oc

+/- 1 oc , thermophilic, using Hach Models Ej,oo and Dgoo

temperature controllers.

3.3 Feed Preparation

A large quantity of semi-synthetic feed vras prepared and

frozen for use on as-needed basis. The feed consi-sted of
newsprint, food waste, and ¡ISS. Newsprint r^ras shredded to
short strips approximatery l-o nm by 50 mm in síze. onry non-

coloured newsprint was used. Food waste was obtained from the

campus cafeteria and consisted rnainly of discarded prepared

breakfast and lunch foods" The blended food waste had a 422

total solids content. The wss was obtained from the Town of
selkirk storage pond, with a totar solids content of j-1å.

Rat.io R1 was defined as a l-:1 MSW:I¡iss ratio based on total
weight. Ratio 1 contained 9.8 parts shredded newsprint to t-.2

parts food waste to L part wss on a totar sorids basis.

Ratio R2 is 2'"t MSI,I:wss. Ratio 2 contained ],g.7 parts

newsprint, 2.3 parts food waste and 1 part I^ISS on a totar
solids basis. Newspaper accounted for Bgz of the synthetic

t9



oMSw on a TS basis. The food waste accounted for the remain-
ing ttä"

Feed stocks were prepared monthry. Exact feed sorids
for each reactor were prepared for severar feedings, ât one
time. All feeds v¡ere stored in a deep freeze at -20 oc and
allowed to thaw overnight at 4 oc, before feeding. sodium
bicarbonate was added proportionarly to the mass loading rate
and sori-ds content of the reactor on an as-needed spot basis.
Appendix A provides a Listing of all NaHCo, additions.

3.4 Digester Start-Up

rnitiat start-up of the digesters v/as in sl_urry form.
Each digester was seeded with r- litre anaerobic srudge,
obtained frorn the city of winnipeg North-End ¡rlater pollution
control centre digesters. To this, 0.3 litres fresh coh,

manure, from the university Dairy sciences and 0.45 ritres of
prepared oMSw was added. This srurry was frushed with
nitrogen gas for 10 minutes before sealing reactor. The

weights of each reactor vrere recorded before and after
addition of the start-up mixture.

Each reactor was brought to the specified sorids con-
centration graduarly. prepared substrate was fed twi_ce a v¡eek

to each reactor" The desired TS content and reactor mass was

reached in two retention times, approxirnately 6 weeks. To

ensure stabre conditions, an additionar six weeks of con-
tinuous operation rrere aLlowed to pass before the data used
for comparative analysis was gathered.

20



3 " 5 Feeding

The draw and feed operation hras performed on an inter-
mittent basis twice weekly" Later during the study, the draw

and feed schedule hras reduced to 3 times every two weeks.

Oxygen contamination in the reactor \i/as minimized during

sol-ids transfer by nitrogen flushing. Reactors r¡rere mixed

manually by shaking for one minute each day"

3.6 Analysis

A monitoring schedule was developed to determíne effec-
tively the status of the anaerobic digesters. The schedule

is shown in Table 6.

Biogas production hras recorded each morning. Biogas

production r,¡as measured using a Low Fl-ow Rate Gas Volume Meter

Mode1 l-81-, Triton Electronics Linited, as shown in Figure 2"

This meter measured cumulative biogas productj-on by repeated

ceIl volume displacement, with +7- 50 mL accuracy.

In other reactors biogas production was measured by

liquid displacement using a saturated NaCI with 52 H2SO1

solution.

Preparation of samples for pH, alkalinity, and VFA was

based on procedures developed by Kasal-i et â1. , l-989. and

nodified by Poggi et aI. 1989. Fifty nillilitres of 4 oC

deionized water r,¡as added to a 1-0 g sample of solid waste

effluent. This slurry was stirred vigorously with glass rod

for l-5 seconds and allowed to stand L0 minutes in the re-
frigerator. This sample was stirred once more before pH was

2L



Parameter

Biogas Production

Biogas Cornposition

pH

Reactor Mass

So1íds

Alkalinity
VFA

Sodiun

Ammoni-a

Frequency

daily
2 /week

2 /week

2 /week

2 /week

weekly

weekly

biweekly

monthly

Table 6z Analysis Schedule
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taken. The pH was measured using a Fisher Accumet Model 23o

pH/Ion Meter with a Baxter sliml-ine probe.

Followj-ng pH determination the slurry hras fil_tered using

a coarse l-.8 nrm mesh f ilter funnel. This f iltrate v/as

centrifuged for 15 minutes at 3000 r.p"m" using a Damon/rEC

HN-S Centrifuge operating in a 4 oC environmental chamber.

À 20 or 25 rnl centrate sample was then taken for al_ka-

linity determination using 0.2 N H2so4 following standard

Methods (4.P.H.4., 1985). Potentiometric points used for
phenolphthalein, i-ntermediate and total alkalinity v¡ere pH

8.3, 5.75 and 4.2 respectively.

Total solids were determined by drying a t_O g sample 12

hours at 103 oC. Dry samples were ashed at 5SO oC for 6 hours.

to determine volatile solids.
Biogas composition was determined usíng a Gow Mac 550

gas chromatograph thermal conductivity detector. Helium

carrier gas was used at a flowrate of l-O mI/min. Stainless
steel l-.8 m by 6 mm columns r¡rere packed with poropak e, 8O/LOO

mesh to determine methane and carbon dioxide concentrations

and Molecu1ar Sieve 5A 60/80 packing, to confirm absence of
oxygen. Column temperature was 55 oC, detector temperature

110 oC, injection port temperature 95 oC, and the brid.ge

current L50 mA for both columns.

For volatile fatty acid determination, L.S ml of centrate

sample was further centrifuged using a high speed IEC Centri-
M Centrifuge for 10 minutes. VFÀ r{as determined using a

Hewlett Packard 5890 Gas Chronatograph thermal conductivity
detector. Column used !,¡as a HP-FFAP L0 m x 5.38-4 m x 1"08-

23



6 m capillary corumn. compressed air was the carrier gas at
1'3-14 nI/nin; nitrogen make-up gas at 7-8 rnr/min; H, to frame

ionization detector (F"r.D) at 3o-31 mr/nin; aj-r to F.r.D at
45o mI/nin. The HP-cc 5g9o was programmed to al_l_ow vFA to
elute in less than 4 minutes with the following temperature
program: initial oven temperature g5 oc; initiat oven tine 1_.5

min; initiar oven rate 20 deg/min; final temperature L23 ocì

finar tirne 1.0 rnj-n; rate A 30 deg/rnin; final temperature A 153
oc; f inar tirne A i-. o minutes. output was i-ntegrated and

recorded using a Ï¡Iaters 740 integrator.
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4"0 RESULTS AND DISCUSSTO¡T

Results of the 10 weeks of steady-state operation have

been compiled j-n Appendix B. Both averages and standard
deviations are presented where appropriate. The rast 4 weeks

of data have been combined where averages are presented. rn
this period reactors h¡ere buffered with sodium bicarbonate on

an as-needed basis and reseeding of upset digesters hras kept
to a minimum. A listing of additions other than regular feed

is found in Appendix A. The folrowing discussion will focus

mainly on digester averages.

conventionally, with factoriar design experiments (DEXp),

design parameters are pooled except the one to be examined.

An analysis of variance (ANovA) tabre v/as created to define
significance of effects. Table 7 shows the significance of
the factor under examination (Hicks, L?BZ).

Figures 3 through 6 are bar graphs displaying the effects
of totar solids, temperature, ratio, and retention time
respectively" rn Figure 3, ratio, retention time and operat-
ing temperature are poored and feed totar sol-ids remains as

a variable" The same procedure is carried throughout. rn
Figure 6, the 2l day vFA bar represents an average vFA

concentration of all digesters with a 2L day retention time,
both mesophilic and therrnophilic.
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RemovaI Biogas Votati [e Votrinetric RemovaI

Efficiency Production Fatty Acids Removal Rate Rate Methane

llain Factors:
Totat So[ ids v.s. v-s. s. v.s. v.s. n.s.

Teflperature

¡lass Retention Tinre h.s. s. h.s. s. m.s. s.

Ratio

I nteract i ons:

TS*T

TS*lilRT

TS*iIRT*T

note: TS*T*¡IRT = TS*R

h.s - highl.y significant
v.s - very significant
s - significant
m.s - moderatety significant
w.s - ueakty significant
n.s - not significant

h.s. v.s. s. m.s H.s n.s
<-----* <-----* <-----* 4-----* <--_--* <_____

0.01 0.05 0.10 0.15 0.20

Tabte 7: Anatysis of Varience

s. v.s. n.s. v.s. s. t{.s.

n.s. H.s. n.s. H.s. n.s. n.s.

n.s. n.s. n.s. n.s. n.s. n.s.

n.s. m.s. n.s. m.s. t{,s. n.s.
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4. l- Tota1 Solids

An overview of the solids effect can be seen from the

line bars of Figure 3 " There did not appear to be a linear
effect as might be expected. Efficiency did not decrease

linearly with an increase in solids as in sewage sludge. By

plotting removar efficiency against feed total solids, there
appeared to be a quadratic effectr âs shown in Figure 7.

there was an optirnum experienced somewhere between 30 to 3sz

TS especially in the 21- day retention time (RT). The 15 day

RT did not highlight the sori-ds effect except near 40? where

there v/as a sharp decrease in efficiency.
The effect of total solids on biogas productivity T¡ras

similar to removal efficiency. Examining Figure 8, a similar
optirnum was rearized between 3o to 35? TS at 2t- day RT in both

thermophilic and mesophilic. !{ith the shorter retention time

of 15 days, there seemed to be a rinear effect in productivity
followed by a sharp decline in biogas beyond 35å TS. The 25?

TS L5 day RT hras unexprainabry low. This digester experj_enced

severar faj-lures and would not operate in a healthy state for
extended periods of tine. Total sorids appeared to have a

less significant effect on biogas productivity when accom-

panied by a shorter retention time.

when ratio of oMSW:wss was considered as the variabl-e

against total solids, âs in Figure g, the resurts v/ere less
crear. The therrnophilic ratio L (RL) has the greatest biogas

productivity. The greater percentage of sludge present aided

in higher gas volumes; i.e. greater nutrient suppJ-y was
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available for microbial maintenance and growth. Thermophiric

R2 gave a similar but ress significant quadratic effect, with
a possible optirnum near 252 rs. Peak biogas productivity was

3OZ less with ratio 2 than with ratio t-"

Figure 3 displays

tration with an increase

stepwise increase in VFA concen-

TS up to 35?. There was less than

a Loz increase in vFA from 35 to 40å TS, possibly indicating
inhibit.ion to the hydrorysis and acidogenic processes at 4oz

TS. When this VFA data is examined in greater detail in
Figures 10 and II, it can be seen that the shorter RT con-

tributed most greatry alongside TS to create this buird-up in
acids. Mesophilic and therrnophilic reactors gave similar
results at 2L day RT. A low or intermediate revel of fatty
acids was necessary as a precursor to biogas production.

However, a high level of VFA, greater than 4 mg HAc/gTS,

inhibited methanogenesis resulting in further acid build-up

and eventual failure of the digester.

The 30 to 352 TS range was higher than the optimum ex-

perienced for manure substrates, where methane production de-

creased considerably at 30 to 35 Z TS (Wujcik and Jewe1l,

1980). This optimum was similar to the TS ranges expressed

by operators of the Valorga and Dranco processes where a

highly fermentable waste was digested (Cayrol et â1., t-988,"

DeBaere, 1985) " However, when a high paper and cardboard

content OMSW was used (Graindorge et â1., l-989), 25å TS was

reconmended. The addition of WSS, in the present study, may

have aided in allowing higher operating solids concentrations.

a

in
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The effect of TS on methane content hras minimal. The

average methane concentration ranged from a low of 5r.42 to
a high of 60.2e" cH¿" some digesters which faired still
exhibited high methane varues. Graindorge et ar. (j_989) noted

that methane content did not falI in failing digesters.
There vras a slight decl-ine in methane content with increasing
TS. The observed decrine v/as near 5? with a zsz increase in
TS. A linear regression performed on the methane contents of
all reactors illustrates the low rate of decline with TS in-
crease, Figure L2 . There $¡as a sJ_ightly higher methane

content in both rnesophilic and thermophiric 2t day RT diges-
ters (Figure 13), indicating that hearthier reactors may have.

higher methane contentsr âs one might expect. The slight
difference in methane contents indicated however that methane

would not be useful in day-to-day rnonitoring of digester
health.

4.2 Temperature

The effects of operating temperature are twofold. Àn

increase in operating temperature, from 39 oc to 53 oC,

improved removal efficiency 252, and biogas production 3oz,

on averagie. Average VFA concentration v/as also reduced

(Figure 4). Hov¡ever, process stability was reduced. Several

of the thermophiric reactors experienced upsets resulting in
Iow pH, and Iow biogas production and/or high VFA concentra-

t,ion.
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rn Figure 1-4 at R]- an increase in temperature resulted
in higher removar rates aE 21- day RT, yet Ìower removar rates
at 1-5 day RT. The reverse, however, was true for R2. A de-

crease in volumetric removal rate was observed at 21- day RT,

and a significant increase was seen at j_5 day RT , R2.

comparing the effect of temperature on vFA concentration,
the resurts were more conclusive; see Figure 1-7. An increase

in temperature decreased the vFA level, excepting the case of
L5 day RT, R2 where retention time and ratio seemed to be have

a strong negative effect.
From this study, it is speculated that the thernophilic

methanogenic bacteria were more sensitive to the intermittent
feeding procedure, lower retention time and/or high cell-ulosic
feed or a combination of the above. Figures 1g and !9, both

3oz TS 15 day RT, performed quite differently. The digester
M5, ratio 1 represented in Fígure i-B v/as much more stabre
having never failed. rts responses were more stabl-e than the
therrnophilic digester, T4 ratio Z, of Figure l-9. T4 fai]_ed,

requiring reseeding on day 25.

whire thermophilic digesters at zL day retention tj-mes

showed impressive resurts, caution must be taken. rn full
scaIe, both process stability and flexibility are required to
withstand changes in substrate quality and variations in
loading rates. These operational factors, along with cost,
must be taken into account.

47



4 "3 Ratio

The effect of ratio, that is the fraction of wss present
in the oMSw was significant to biogas production and vol_u-

metric removal rate (vRR), âS shown in Figures 9 and L4. At
30 to 352 TS, thermophilic Ri- biogas producti_on exceeded

thermophilic R2 by nearry 3oeo. The differences between

mesophilic R]- and R2 are l-ess clear" Ratio i_ disprayed an

optirnum at 252 TS, forlowed by a decreasj-ng rinear effect.
Ratio 2 displayed a quadratic optirnum at . :jeo TS. rn this
study R2 had nearry one-third higher biogas production than

R]- in the mesophilic range at 352 TS, but the Rl- digesters
were more consistent and stabre. Tabl_e g shows the total--
nitrogen and phosphorous present in the feed. Recalring that
R2 had nearly 50? less wss than R1, it is evident that
nutrients came from both the wss and oMSlv. Less than i-ou of
the TKN (totar Kjerdahr nitrogen) came from the OMSW per unit
mass. The phosphorous hras almost solely derived from the I,¡SS.

Ratio, âs an indj-cator of nutrients present, played a role
in the performance of the digester. overarr, the operational
stabirity of R]- was greater. I^rss is speculated to have

supplied nutrients to the microorganisms essential to the
degradation process. The vFA contents were nearly 20? higher
in R2 digesters, shown in Figure 5. one could speculate that
at ratio 2, i.e. higher MSIrI:I,ISS, the vFA was greater due to
fewer nutrients and more cerrurosic supply resulting in a more

stressed microbial development"
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Ratio 1

Ratio 2

TKN

mg N/qTS

3 "75

2 .82

Total

Phosphorous

mg P/gTS

0.89

0"58

Nutrient test performed on feed samples 25>o TS

Table 8: Feed Nutrient Content
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Biomass composition has been described by McCarty as

Có'HBZO2=N1zP. The requirements f or nitrogen and phosphorous can

then be approximated by the fraction present times the biomass

growth. rn order for synthesis of new celI growth to proceed,

the substrate must contain adequate supply of alr the elements

which are found in the cytoplasrnic materiar of the celr
(Benef ierd and Randarr, 1-980) . Because the OMSITI:wss substrate

r^ras defecient in N and P microbiar activity was inhibited.
COD tests indicated that the feed contained approximate-

Iy 1.1- g COD/gTS. This translates to a COD/N of 3OO and 400

for Rl- and R2 respectivery, indicating nutrient deficiencies.
More WSS could be added, if available, to lower COD/N/p ratio
and possibly improve digester performance.

4.4 Retention Time

The effects of retention tine have been mentioned

throughout the discussion of the other parameters. As can be

seen in the preceding figures, a longer retention 1ead to
greater process stability and better performance. Figure 6

shows that, on averager ê[ increase in RT from ]_5 to 2i_ days

lead to more than double the efficiency from L7"62 to 40"1-2.

Biogas productivity was increased nearly 65å with the increase

in retention tine.
The l-5 day RT reactors exhibited a higher level of

upsets. The average VFA concentration r¡ras 5 times greater at
L5 days than at 2I days. The effect of retention tine is
highly significant. A MRT of two weeks claimed by some
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researchers and processors is not suitable for this situation.
A hígher MRT is needed to attain reasonable stabilization,
efficiencies and reliable operation.

Grai-ndorge and his colleagues came to the concl-usion that
Iengthening the retention tine from 17 to ZS days did not

improve degredation" This study concurs with most researchers

mentioned in the literature review. The MRT has been found

to be a significant operational parameter with an optirnal

retention time near 3 weeks.

4.5 Dynamic Monitoring

Methane content has shown to chang:e only slightly with
widely varying digester performance, similar to that ex-

perienced by Graindorge et al. (l-989). Therefore, methane

content r¡/as considered to be a poor choice to monitor the

health of a digester. In this study, alfa was found suitable

for dynamic monitoring. AIfa is defined as:

alfa = Intermediate Alkalinity (pH 5.75 to 4.20)
Partial Àlkalinity (initial pH to pH s.75)

et al., 1986)(RipIey

An increase in this parameter hras related to upcoming stress

or failure conditions. As seen in Figure L8 and Figure l-9 an

increase in VFA was first announced by an increase in alfa"
An increase in the alfa parameter can be used to alert
remedi-aI action well before an increase in VFA and the

resulting decrease in pH and biogas productivity. À low value

of alfa indicated a healthy and reliable performance.

51



5"O CONeLUSIONS

From the present study examining the co-disposal of waste

secondary sludge with synthetic OMSW the following concl-usions

can be made:

1-) The effect of total solids hras very significant in

the removal efficiency of organic matter and in biogas

productivity. Optinim removal efficiency and maximum biogas

production were observed between 30 and 352 TS.

2) The effect of retention tine was highly significant

in VFA concentration as well as process reliability. A L5

day mass retention tirne affected negatively on the removal

efficiency and biogas production. A 2L day MRT resulted in.

lower VFA concentrations as well as a more reliable and

efficient operation.

3) The highest removal efficiencies and biogas production

r¡rere exhÍbited by the therrnophilic digesters with 21- day RT.

The shorter 15 day RT $/as unstable at the thermophilic

operating tenperature. OveraII, the rnesophilic operating

temperature hras shown to provide greater stability and

dependability "

4) Lower MStrI:WSS ratio provided microorganisrns r¡¡ith more

essential nutrients. Digesters fed with ratio 1 MSW:WSS dis-
played higher removal efficiencies and biogas productivity as

well as a lower average VFA concentration.

5) Methane gas content decreased only slightly with de-

creases ín digester perf ormance and r¡ras not useful in

monitoring the health of the digester.
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6) The alfa parameter was an early warning indicator of
pending upset or failure.

From the preceding discussion and above conclusions, it
is recommended that in the high solids anaerobic digestion of
WSS with OMSW that the following parameters be used:

- total solids content of 30 to 3SZ TS

- mass retention tirne near 21_ days

- a ratio rich in sewage sludge

nesophilic dj-gesters operating at a temperature

of 39 oc to 4l- oc.

This set of conditions may be conservative due to the

nature of the designed experiment. The operating parameters

however will ensure both process flexibility along with
reliability and stability in the co-disposal of waste secon-

dary sludge with organic municipal solid waste.
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ABBREVTATTONS

ANOVA

BG

coD

DAD

DEXP

F.Ï.D

HAc

MRT

MSW

OMSI,II

R

r
RR

RT

T

TS

VFA

VRR

VS

WSS

v¡v

w/v

w/w

Analysis of variance

Biogas

Chemical Oxygen Demand

Dry anaerobic digestion

Experimental design

Flame Ioni,-ation Detector

Acetic acid

Mass retention time, days

Municipal solid waste

organic fraction of municipal solid waste

Ratio

reactor

Removal rate, gVSremoved/kgVScontents*day

Retenti-on Tine

Temperature, oC

Total solids, å of total weight

Vo1atile fatty acids, ilg HAc/gTS

Volumetric removal rate, gVSremoved/Lwv*day

Vo1atile Solids

waste secondary sludge

worki-ng volume of the reactor
weight per unit volume

weight per unit weight
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feeding schedule twice

feeding schedule three
July 25/89.

Feed
Mass
g**

280
1_ l- l-
r_56

89
t24
156
L56
1l_l-
l_1-1
L87

200
1_ l_ l-
124

89
1_56
t- l- l_
1,56
l_56
t_1i_
L87

preceding July 25/99

two weeks following

MO

M1
t'42
M3
M4
M5
M6
M7
M8
M9

TO
T1_

T2
T3
T4
T5
T6
r7
T8
T9

Reactor Target
Mass
kg

0.9
0.5
0.5
o"4
o.4
0.5
0.5
0.5
0.5
0.6

0.9
0.5
0.4
o.4
0.5
0.5
0.5
0.5
0.5
0.6

Feed
Mass
g*

2LO
83

tL7
67
93

LL7
71,7

83
ÕJ

l_4 0

150
83
93
67

LL7
83

1,17
LL7

83
l-4 0

per week

time per**
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SODTL]-M BICARBONATE AND RESEEDING

July

July

July

July

July

T7 1-009 of T0

0.59 Bic.

29 Bic. + 349 M3 + 5Og

29 Bíc. + 939 T0

3.69 Bic.
0.89 Bic.
0.89 Bic.
19 Bic.
29 Bic.
29 Bic.

L9 Bic.
49 Bic.
29 Bic. + 809 T0
29 Bíe. + 70.39 T0
2q Bíc"

Bic. + L37.2 yIO

Bic.
Bic.

M4L2

l_8

T4 tq.4

T2

MO

M3
NT4

M6
T4
T6

MO
t'44
T4
T5
T6

vI7

25

July 28

Aug. 2

Aug. 7

Aug . l- l-

0.59 Bic.
0.59 Bic.
29 Bic. +
0.59 Bic"
799 M7 +
0.59 Bic.
29 Bíc.
0.59 Bic.
19 Bic. +
0.59 Bic.

5.6 Bic.
0.5 Bic.
0.59 Bic"
0.59 Bic.
0.59 Bic"
0.59 Bic.
3.69 Bic.
19 Bic.
0"59 Bíc.

1569 M0

41-g M0

2g
2g
3g

yrz
M4
M6

MO
M1
t'42
M3
M4
M5
M6
vr7
T2
T9

MO
M5
M6
NT7

M8
M9
T2
T3
T8

569 T3

+ 1L19 T0

61_



Aug" t6

Aug. 2l

MO 3 "69 Bic.
1"12 151-.39 M
M3 0.59 Bic.
M4 79 .69 Iq
M5 0.59 Bic"
M6 1-g Bic.
YI7 O. 59 Bic.
M8 29 Bic.
M9 2.4q Bic"
12 77.4 T.
T3 1-9 Bic.
TB 0.59 Bic"

restart T2: LOOg 12
M0 I.49 Bic.
Ml- 0. 339 Bic.
YIz O.47c Bic.
M3 O .279 Bic.
NtA o .379 Bic.
Ms o.479 Bic.
M6 O .7 8g Bic.
l"l7 0. 569 Bic.
M8 0.569 Bic.
M9 0.569 Bic.
T0 0.609 Bic.
T1 0.119 Bic.
T2 o.62q Bic.
T3 O.449 Bic.
14 o.479 Bic.
T5 0.339 Bic.
T6 o .7 8g Bic.
T7 O.479 Bic.
T8 0.339 Bic.
T9 0" 569 Bic.

+ 1839 T0 + 469 T3 + T2g TL
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OPERATTONAL DATA

63



81.: PERFORMANCE DATA
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