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The methane production capability of two laboratory-scale, 4-L, anaerobic reactors (conventional and fixed-film)
receiving screened dairy manure and operated at35°C was compared. Dairy manure filtrate with 4.4% total solids (TS)
and 3.4% volatile solids (VS) (average value) was prepared from 1:1 manure/water slurry. The feed material was added
intermittently at loading rates ranging from 2.34 to 25.0 and 2.25 to778 g VS/L-day, for the conventional and fixed-
film reactor, respectively. Maximum methane production rate for the conventional reactor was 0.63 LCH4/Ldigesta-day
achieved at a 6-day hydraulic retention time (HRT). For the fixed-film reactor, the maximum production rate was 6.20
L CH4/Lday when operated at a loading rate of 259 g VS/L-day at 3h HRT. The fixed-film reactor was capable of
sustaining a loading of 778 g VS/L-day at 1 h HRT. The fixed-film reactor could be operated at shorter HRTs and
higher loading rates thantheconventional reactor. Average biogas methane content from thefixed-film reactor (65.8%)
was higher than from the conventional reactor (61.6%). Results indicate that a high potential reduction of required
reactor volume is possible through applicationof a fixed-film concept.

INTRODUCTION

In recent years biogas production from
animal manure through anaerobic diges
tion has received increased attention. The
potential for methane fuel production from
the confined livestock operations is well
recognized. However, farmers in North
America have been hesitant to adopt bio
gas technology. This is due in a large part
to the high capital investment required for
the construction of large-volume, conven
tional (suspended-biomass) anaerobic
digesters (Jones et al. 1977; Feddes et al.
1980).

Considerable technical improvements
and cost reduction measures in anaerobic

digestion are being pursued in many lab
oratories. The two basic approaches are:
(1) to increase the rate of reaction, allow
ing more output per unit volume of diges
ter, and (2) to decrease the cost of diges
ters by designing simple, unmixed
digesters (Robinson 1980). In the first ap
proach, advanced reactor (AR) designs
such as the fixed-film concept (van den
Berg and Lentz 1980), the fluidized-bed
reactor (Inaba et al. 1981), and the at
tached-film, expanded-bed reactor
(Switzenbaum and Jewell 1980) have been
studied to improve the rate of biogas pro
duction from substrates with low solids

concentration. The key to successful op
eration is to maintain a high concentration
of microorganisms within the reactor. The
second approach employs the plug-flow
concept (Jewell 1978) which tends to lead
to a lower biogas production rate in com
parison with the conventional digesters.

Dairy manure has been shown to be
much less biodegradable than beef, poul

try or swine manure (Hashimoto et al.
1979; Hill 1982). Lo et al. (1983a, b)
demonstrated the potential benefits of us
ing liquid-solids separation pretreatment
(L/S) for dairy manure in biogas produc
tion. Feeding the more biodegradable
screened manure (liquid fraction) alone to
the conventional anaerobic digester could
result in the following: (1) eliminate the
materials handling problems currently en
countered in many existing on-farm op
erations (Abeles et al. 1978), (2) signifi
cantly reduce the required digester volume
without sacrificing the daily biogas pro
duction, and hence (3) reduced capital cost
of digester construction.

The objective of this study was to in
vestigate the feasibility of adopting the
fixed-film reactor concept for treating
screened dairy manure which has a sub
stantially higher total solids (TS) and vol
atile solids (VS) levels as compared to the
substrates utilized by other researchers
(van den Berg and Lentz 1980; Kennedy
and van den Berg, 1982). The methane
productivity, biogradation efficiency and
process stability from anaerobic digestion
of screened dairy manure using conven
tional and fixed-film reactors at 35°C were

compared.

MATERIALS AND METHODS

Feed Material

Manure from the confined Holstein

dairy herd of the University of British Col
umbia Dairy Barn Unit was used in this
study. The cows were fed a ration con
sisting of four parts alfalfa cubes, three
parts grain pellets (14% protein) and two
parts beet bulbs. No antibiotics were in
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corporated into the feed. Feces and urine
from the concrete-floored holding pens
were collected weekly and diluted on site
with an equal volume of tap water to give
a slurry of about 7.5% TS and 6% VS con
tent. A portion of the slurry was then
passed through a 2.0-mm (No. 10 mesh)
screen to yield a liquid filtrate which was
transported to the laboratory and stored at
4°C prior to use.

Anaerobic Reactors

Two cylindrical reactors (conventional
and fixed-film) were constructed of acrylic
plastic tubing (152 mm i.d.) and had a
working fluid volume of 4L. The basic de
sign of both digesters was identical, with
the exception that one was installed with
a fixed-film support structure made from
3-mm-thick acrylic panels. Two sets of
five parallel panels were slotted together
at right angles to form an open-ended *'ho
neycomb" matrix having vertical four-
sided square channels each 24 mm square
by 170 mm deep. The structure was po
sitioned about 60 mm above the reactor

bottom and 30 mm below the operating
fluid level. The support structure dis
placed 0.25 L of fluid volume. The sur
face area-to-volume ratio of the film sup
port material including the inner surface
of the reactor was 139 m2/m3. The fixed-

film reactor used in this study was de
signed in accordance with the findings of
Van den Berg and Lentz (1980). In order
to facilitate entrapment of bacterial cells,
the surface of the panels was roughened
with sandpaper prior to assembly. Mixing
was provided from the bottom by using a
motor-driven impeller for 15 min every
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hour. Reactor temperatures were main
tained at 35°C using a thermostatically
controlled internal electric heater. Feed
was introduced through the top and ef
fluent withdrawn from the bottom.

Gas was stored in a fluid displacement
system consisting of a graduated collector
which was connected to a reservoir filled
with saline water. Daily gas production
was read directly from the collector and
gas pressure was measured using a stand
ard mercury manometer.

Reactor Operation
The study was carried out from March

1982 to April 1983. The start-up proce
dures for both digesters have been de
scribed by Lo et al. (1983b). Briefly, the
reactor was initially seeded with effluent
from a laboratory stirred-tank digester re
ceiving screened dairy manure. After a 1-
wk incubation period, once daily feeding
commenced at a rate equivalent to 16 days
hydraulic retention time (HRT). Feeding
procedure was as follows: after mixing for
15 min prior to feeding, a fixed volume of
effluent was withdrawn and an equal
amount of feed material added.

The reactors used in this study were
both operated in a prior trial run at 30°C.
The fixed-film reactor in particular had
been in full operation at 30°C for about 2
yr. Operation at 35°C was initiated by
gradually increasing the reactor tempera
ture by 1°C from 30°C over 5 days during
which feeding was maintained at 16 days
HRT. The operation of the fixed-film re
actor for this study at 35°C was com

menced in May 1982, 2 mo behind the op
eration of the conventional reactor.

The HRT for both the fixed-film and

conventional reactor ranged from 16 to
0.04 and from 16 to 1.5 days, respec
tively, as presented in Table I. A mini
mum of three HRT cycles was allowed to
pass before any change in feeding rate was
made. For HRTs less than 1 day (i.e. 1 h),
all of the waste was drained (once each
hour) and the reactor was refilled with pre
heated fresh feed. The retention times

were occasionally increased or decreased
randomly to test process stability and pro
vide treatment replication.

Experimental Design
The study compared biogas productiv

ity and mesophilic anaerobic digestion ef
ficiency in a fixed-film reactor and a con
ventional reactor over a range of organic
loading rates and corresponding hydraulic
retention times. Biogas production was
measured daily, or more frequently at
HRTs less than 1 day. Analyses for the
concentrations of TS, VS, total Kjeldahl
nitrogen (TKN), chemical oxygen de
mand (COD), pH and ammonia (NH3- N)
in the feed and effluent, and biogas meth
ane content were measured at least once

during each retention period. Methane
production rates were calculated as L CH4/
L digester-day and methane yields as L
CH4/g VS added.

Analyses for TS, VS, and pH were car
ried out according to standard methods
(American Public Health Association
1975). TKN and NH3-N were deter

mined using a block digester and a Tech-
nicon Auto Analyser II according to the
method of Schumann et al. (1973). Gas
samples, collected in gas-tight syringes,
were analyzed with a Fisher Gas Parti-
tioner equipped with a Chromosorb W
column. All gas measurements were ex
pressed at 0°C and standard pressure (760
mm of Hg).

RESULTS AND DISCUSSION

The operating conditions and perform
ance of the reactors, and the chemical
characteristics of the feed materials and

effluents are summarized in Tables I and

II. The data in these tables are the average
values of the analytical results obtained
during a steady-state condition of the re
actors for each HRT.

Reactor Performance

Performance of the reactors is also

shown in Figs. 1 and 2. Using the screened
manure, the conventional reactor was able
to sustain a loading rate of 25 g VS/L-day
(1.5 day HRT). This is a much higher
loading rate than the values recommended
by other researchers (Persson et al. 1979),
when using unscreened dairy manure in
conventional reactors. For the conven

tional reactor, an optimum methane pro
duction rate of 0.63 L CH4/Lday was ob
tained at loading rates of 5.45 g VS/L-day
(6 days HRT). For the fixed-film reactor,
the methane production rate increased as
the loading rate was increased or as the
HRT was decreased (VS content was
maintained at 3.3 ± 0.4%). The fixed-

TABLE I. CHEMICAL CHARACTERISTICS OF FEED MATERIALS AND EFFLUENTS

HRT COD(g/L) TS% VS% TKN--N(g/L) NH3-N(g/L)

(days) In Out % reduction In Out % reduction In Out % conversion In Out In Out

Fixed-film reactor
16.0 45.3 39.8 12.2 4.1 3.6 12.2 3.1 2.6 16.2 2.95 2.96 0.71 1.12

12.0 41.2 35.8 13.2 3.8 3.3 13.2 2.9 2.7 24.2 2.68 2.52 0.44 1.16

8.0 52.2 41.7 19.7 4.5 3.7 17.8 3.5 2.6 25.7 2.55 2.47 0.44 1.14

6.0 49.9 40.1 19.7 4.5 3.6 20.0 3.4 2.5 27.4 2.21 2.23 0.29 0.66

4.0 49.9 41.3 16.3 4.5 3.6 19.6 3.4 2.6 24.6 2.21 2.24 0.21 0.51

3.0 60.0 48.4 19.4 4.6 4.0 13.1 3.7 2.9 23.0 2.10 2.29 0.20 0.60

1.0 55.5 46.1 17.0 4.3 3.6 16.3 3.3 2.8 15.2 2.51 2.25 0.36 0.74

0.25 50.0 48.9 2.2 4.3 4.0 6.3 3.2 3.0 7.6 2.09 2.18 0.69 0.77
0.04 50.0 49.2 1.6 4.3 4.3 1.2 3.2 3.2 1.4 2.09 2.15 0.69 0.72

l.Ot 84.0 72.8 13.3 7.7 6.1 21.3 5.6 4.6 17.7 2.36 2.58 0.57 0.85

Conventional reactor

16 55.9 50.7 9.3 5.0 4.4 1.3 3.8 3.2 15.8 2.65 2.64 0.6S 1.35

12 48.4 43.6 10.0 4.1 3.4 17.1 3.1 2.5 19.4 2.96 3.04 0.71 1.43

10 48.6 38.4 21.0 4.1 3.4 18.3 3.1 2.3 25.8 2.22 2.30 0.40 1.17

8 48.6 38.7 20.5 4.1 3.3 19.7 3.1 2.3 24.9 2.22 2.11 0.40 1.05

6 48.4 40.1 17.2 4.2 3.4 19.0 3.3 2.5 24.2 2.34 2.32 0.31 0.67

5 53.5 45.6 14.8 4.5 3.7 17.8 3.4 2.7 21.3 2.44 2.42 0.46 0.73

4 37.3 29.5 21.4 3.9 3.4 13.7 3.0 2.5 15.4 2.56 2.40 0.65 0.83

3 57.8 51.0 11.8 4.6 3.1 19.6 3.5 3.0 13.5 7.25 2.23 0.36 0.76

2 57.3 55.1 3.9 5.6 5.2 7.2 4.2 3.8 9.5 2.70 2.65 0.49 0.85

1.5 54.5 51.9 4.8 5.0 4.8 4.0 3.7 3.6 2.8 2.51 2.71 0.67 0.76

tFeed material with higher solids concentrations.
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TABLE II. METHANE PRODUCTION

Methane

composition Loading rate
Methane Production

HRT

(days) (%) (g VS/L-day) (L CH4 /L-day) (L CH4 /g VS added)

Fixed-film reactor
16.00 67.7 2.25 0.64 0.286
12.00 67.8 2.43 0.76 0.313
8.00 67.0 4.31 0.88 0.203
6.00 64.0 5.62 0.89 0.158
4.00 64.8 8.58 1.42 0.133
3.00 64.0 12.3 1.50 0.121
1.00 65.8 32.8 3.56 0.109
0.25 65.8 130 5.62 0.044
0.21 65.8 156 5.70 0.037
0.17 65.8 194 5.90 0.030
0.13 65.8 259 6.20 0.024
0.08 65.8 389 6.14 0.016
0.04 65.8 778 5.78 0.007
l.OOt 57.3 56.0

Conventional

3.81

reactor

0.068

16 59.8 2.34 0.32 0.138
12 61.4 2.52 0.38 0.152

10 62.5 3.11 0.47 0.145
8 63.8 3.88 0.49 0.127

6 60.7 5.45 0.63 0.116

5 53.4 6.88 0.53 0.078

4 44.0 8.87 0.39 0.044

3 46.8 11.7 0.32 0.030

2 43.4 21.0 0.41 0.021

1.5 43.5 25.0 0.37 0.015

tFeed material with higher solids concentrations.

I
o

6 -

- 5

LU
I-
<
or

z
o

\-
o
z>
Q
O
CC
Q.

LU
z
<

h-
LU

U -

Ql I I l 1 IiI i l i l iii i i i i i i

O CONVENTIONAL

a FIXED-FILM

1000 100 10

LOADING RATE ( g VS/Ld )

Figure 1. Methane production rate versus loading rate.
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film reactorwascapableof operating even
at the very high loading rates represented
by a 1-h HRT. It consistently produced
more methane than the conventional re
actor operated at the same HRT. The
smallest difference in the methane pro
duction rate between the two reactors was
at the loadingrate of about5.5 g VS/L-day
(6 days HRT). As the loading rate in
creased (HRT decreased), the difference
in methane production rates increased
sharply. Highest daily methane produc
tionratesdetermined were6.20 L CH4 per
reactor litre from the fixed-film reactor
while operated at 0.13 day (3 h) HRT (or
259 g VS/L-day loading rate). The biogas
methane content from the fixed-film re
actor was constant throughout the study
(averaged 65.8%, Table II) except in one
case when operated at 1 day HRT and 56.0
g VS/L-day loading rate the methane com
position dropped to 57.3%. For the con
ventional reactor, the biogas methane con
tent averaged 61.6% for HRT's longer
than 6 days (loading rate less than 5.45 g
VS/L-day). As the HRT was decreased
(loading rate increased), the methane
composition also decreased.

Biodegradation Efficiency
Methane yield expressed in terms of L

CH4/g VS added gives an indication of the
biodegradation efficiency. The two diges
ters showed similar levels of organic nu
trient conversion at HRT greater than 6
days. The greatest percent reductions of
COD, TS and VS obtained for the fixed-
film and conventional reactor were at 6

days HRT (loading rate 5.62 g VS/L-day)
and 10 days HRT (loading rate 3.11 g VS/
L-day), respectively (Table I and Fig. 3).
For both reactors the maximum methane

yield per gram of VS added was obtained
at 12 days HRT. The methane yield from
the fixed-film reactor (0.31 L CH4/g VS
added) was about double that from the
conventional reactor (0.15 L CH4/g VS
added). There was a general trend of de
creasing efficiency with increasing load
ing rate, as has been reported for a variety
of wastes (Varel et al. 1980; Jones et al.
1977; Kennedy and van den Berg 1982).
The greater efficiency of the fixed-film re
actor at HRT less than 6 days clearly dem
onstrated the advantage of having an en
trapped bacterial film. This bacterial
biomass allowed the fixed-film reactor to

be operated at very high loading rates
(short HRTs). For example, to achieve a
similar level of methane yield at about
0.11 L CH4/g VS, the conventional reactor
had to be operated at 6 days HRT (5.45 g
VS/L-day loading rate) while the fixed-
film reactor could be operated at 1 day
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Figure 2. Methane yield versus loading rate.

HRT (32.8 g VS/L-day loading rate). A
significant reduction in reactor volume re
quirement could be achieved without sac
rificing the biogas production if the fixed-
film concept is employed.

Process Stability
The chemical characteristics of the feed

materials are summarized in Table I. The

variation in the feed material was probably
due to the variability of the dairy manure,
the time of collection and the L/S pretreat-
ment. Differences in TKN between input
and output showed negligible loss from
either reactor. Ammonia nitrogen concen
trations increased throughout the treat
ment in both reactors, as would be ex
pected for biodegradation of nitrogenous
organic compounds in the manure-urine
slurry. The pH in both reactors remained
within the pH range of 6.9-7.2 and dif
fered little from that of the feed material.

No alkalinity adjustment was necessary.
Both reactors were capable of handling

the high loading rates without process fail
ure. Using the screened dairy manure, the
conventional reactor could be operated at
a loading rate of 25.0 g VS/L-day (1.5
days HRT). This is a sharp contrast to that
when unscreened dairy manure was used.

Liao et al. (1983) reported signs of insta
bility when a conventional reactor was op
erated using unscreened manure at loading
rates greater than 10.0 g VS/L-day (HRT
less than 6 days).

Changing the retention time in both re
actors from low to high HRT or high to
low HRT resulted in similar gas produc
tion rates for any given HRT or VS load
ing rate, indicating a high degree of adapt
ability of the bacteria to variations in
nutrient availability. For the fixed-film re
actor even at the 1-h HRT, the gas pro
duction rate remained constant over eight
cycles. Although this illustrates the very
high capabilities of the film for producing
biogas, it remains to be seen whether the
film would maintain the high gas produc
tion rate for long periods of time.

Biogas methane content from the fixed-
film reactor was not affected by retention
time. This is in agreement with the find
ings of Kennedy and van den Berg (1982)
and the summary of findings reported in
the literature review by Jones et al. (1977).
The bacterial film displaced approxi
mately 0.6 L of fluid by the end of the 1
yr incubation period reducing the working
volume of the fixed-film reactor to 3.4 L.

During the course of this study, the work

ing volume of the reactor was checked
weekly and the data were calculated ac
cordingly. By the end of this study, the
working volume was reduced to 3 L. No
plugging was evident.

To test further the process stability and
performance of the fixed-film reactor a
feed material with 7.7% TS and 5.6% VS

was used. The feed was prepared from the
manure by using a reduced amount of di
lution water (manure:water = 2:1) prior
to the L/S pretreatment. The solids content
level is in a similar range to that used in
the conventional reactors fed with un

screened dairy manure. There were no
signs of plugging.

The results, as presented in Tables I and
II, indicate that with proper L/S pretreat
ment, the fixed-film reactor can be
adopted for biogas production from dairy
manure. Feeding only the screened man
ure to the reactor could help to avoid the
materials-handling problems typified by
difficulties in manure-slurry pumping and
mixing, and solids settling out in the re
actors (Abeles et al. 1978; Bartlett et al.
1980). Another benefit could be the elim
ination of scum formation as no scum layer
was observed in both reactors.

During the course of this study, mixing
or no mixing was found to have no effect
on the biogas production from the fixed-
film reactor. Similar findings had also
been reported by Fisher et al. (1983) and
Smith (1981) in the conventional reactors.

Reactor Volume Reduction

Assuming that the results of this study
could be applied at a farm level, the po
tential for reducing reactor volume would
be significant. Table III presents a com
parison of mesophilic fermentation vol
umes required for a typical conventional
reactor receiving either unscreened or di
luted, screened slurry, and for a fixed-film
reactor as operated during this study. Rec
ommendations for a 100-head dairy op
eration, provided by Persson et al. (1979)
specify a loading rate of 8 kg VS/m3-day
at a 14 day HRT to give a required fer
mentation volume (headspace volume not
included) of 80 m3. Pretreatment of the
slurry by further dilution and solids re
moval would allow, according to our re
sults, a reduction in HRT to 6 days, for a
fermentation volume of about 34 m3.
Thus, despite additional dilution, pretreat
ment of influent by screening could facil
itate a 57% volume reduction. Given that
a desirable loading rate to a fixed film re
actor is to be found within the range of 3
h HRT (maximum methane production
rate herein determined) to 6 days HRT
(equivalent to the optimum methane yield
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Figure3. Volatile solids conversion versus loading rate.

of the conventional design), a -1 day
HRT is selected as an example for the pur
poses of this discussion. The required
fixed film reactor working volume would
then be about 5.7 m3, or 93% less than the
conventional design without L/S pretreat
ment and 83% less than the latter with sol
ids screening pretreatment. The percent
age of reactor volume reduction could be
even further improved if additional dilu
tion water were required for the conven
tional reactor without L/S pretreatment.

There are obvious limitations in the use
of bench scale data for estimations of full-
scaledigesterdimensions. Pilot-scaletests
are necessary and will be initiated upon
completion of remaining laboratory-scale
experiments. Further laboratory study of
effluent recirculation rates, film support
materials and film area-to-volume ratio is

currently underway.
We believe that the fixed-film design is

an important concept in animal waste
management and biogas production. The

TABLE III. COMPARISON OF ESTIMATED REACTOR VOLUMES FOR THREE BIOGAS
PRODUCTION SYSTEMS FOR DAIRY BARN SLURRIES

Reactor Designt

Conventional Fixed-film

Without L/S With L/S With L/S

preatreatmentt pretreatment pretreatment

Influent TS (%) 13 4.2 4.5

Influent VS (%) 10 3.3 3.4

Loading rate (g VS/m3-day) 8 4.8 32.7

Retention time (days) 14 6 1

Estimated Volume (m3) 80 34.3 5.7

Volume reduction (%) 0 57 83t,93§

References (Persson et al. (Lo et al.
1979) 1983)

tPretreatment involving dilution and screening of slurry.
$Value indicates volume reductionas comparedto a conventionalreactor receiving pretreated slurry.
§Value indicates volume reduction as compared to a conventional reactor w/o pretreatment.
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potential for reducing biogas plant cost by
decreasing the required digester volume
appears significant. Assessment of the
economic benefit of such reactor designs
remains to be investigated, particularly
with regard to the compromises involved
in designing for optimal nutrient conver
sion efficiency or maximal gas productiv
ity.

CONCLUSIONS

In combination with the liquid-solids
separation pretreatment, the fixed-film re
actor was operated successfully for pro
ducing biogas from liquid dairy manure
without materials handling problems.

The fixed-film reactor was capable of
producing 6.20 L CH4/L-day at a loading
rate of 259 g VS/L-day which represented
a hydraulic retention time of 3 h. These
performance values exceed those reported
to date in the literature for dairy manure.
The maximum loading rate achieved in
this study was 778 g VS/L-day represent
ing a 1 h HRT.

Using screened dairy manure the fixed-
film reactor could be operated at shorter
HRTs and higher loading rates than the
conventional reactor. The results indicate
that the fixed-film reactor concept can be
adopted for treating screened dairy man
ure.

The bench-scale results point to a po
tential reduction in reactor volume of 93%
of a conventional digester receiving un
screened slurry, if solids separation pre
treatment is used in conjunction with the
fixed-film design.

Biogas methane content from the fixed-
film reactor (65.8% average) was higher
than from the conventional reactor (61.6%
average).
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