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Abstract

The present study focuses on process inhibitiof¥ainish centralized biogas plants. Collection of
data from the plants and a number of interviewsagtibthat inhibitions occur frequently. High
concentrations of ammonia, long chain fatty acidstber inhibitory compounds, and foaming in
prestorage tanks are well known causes of inhihnitibhese problems mainly occurs due to: 1)
inadequate knowledge about the waste compositi@h Znits degradation characteristics, 3)
inadequate process surveillance especially witlandego volatile fatty acids and 4) insufficient
pre-storage capacity causing inexpedient mixinthefdifferent waste products in the pre-storage
tanks.
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INTRODUCTION

Today, 20 centralized biogas plants and more th@anfaém-scale plants are in operation in
Denmark. The main purpose of the centralized plant® treat livestock manure and reuse the
material as fertilizer (Ahring et al. 1992). Thethmne yield from manure is relatively small and in
order to increase the biogas production, the plaatdigest manure together with other organic
waste from food industries and municipalities (Alidpki and Ellegaard 2003). The co-substrates —
rich in lipids, proteins and carbohydrates - argeatial for the plant’s economy, but might lead to
disturbances if not handled properly. Several & Banish centralized biogas plants have been
exposed to process imbalances that could be direslhited to the composition of the substrate.
However, the significance of the problem is unknaama in the present study we, therefore, focus
on this topic. We present data obtained from séwdréhe Danish centralized biogas plants and
give examples of imbalances caused by the treatofendustrial waste. We propose reasons for
the cause of the imbalances on a practical andobiarlevel and verify our theories with data from
experimental results from our laboratory.

MATERIALSAND METHODS

Process data from the plants was obtained dir&cthy the plants (daily to monthly average) or via
the Danish magazine “Dansk Bioenergi” (monthly age). A number of interviews with plant

managers were also carried out. The obtained datairdormation was analyzed and used for
additional experiments (case studies) investigatilevant topics related to specific inhibition

incidents at the plants:

Residual methane production estimation: Estimation of the residual methane production,deér in

the effluent-biomass, was determined in digestednbss from the main digestion step as well as
from down stream digestion/storage steps from abaurof centralized biogas plants. Samples of
300 ml was transferred to 1 liter serum bottlestiked with 80%/20% MCO, and incubated at the



same temperature as the main reactor were operatohgy. The methane production was measured
frequently over a period of approximately two manth

Effect of codigestion of manure together with blood: The effect of temperature on the process
stability during codigestion of blood and cattlermee was investigated in a lab-scale experiment
consisting of two 4.5 liter continuously stirrechkareactors (CSTR). One reactor was operated at
mesophilic conditions (3T) with a HRT of 20 days and 4 liters working voleinThe reactor was
inoculated with digested material from a mesopHilitscale biogas plant. The second reactor was
operated at thermophilic conditions {83 with a HRT of 15 days and a working volume dit&rs.
This reactor was inoculated with digested matdrah a thermophilic full-scale biogas plant. Both
reactors were fed once a day with cattle manu@471S, 5.5% VS, pH 7.21) that was diluted with
distilled water in a ratio of 10:7. During start @@pproximately 4 weeks) the feed volume was
slowly increased to 100 ml/d. From day 0-17 of élxperiment the loading was 100 mi/d (period 1)
and from day 16-39 full loading — 200 ml/d - waplagd (period 2-4). From day 40 the reactors
was fed 160 ml manure/d supplemented with 40 mbdid (19.1% TS, 18.0% VS, 16.0 g-N/I)
(period 3). This procedure was continued until drel of the experiment with regard to the
mesophilic reactor while blood was omitted from tbedstock of the thermophilic reactor from day
60 due to a low methane production and high veldttty acid levels (VFA). From day 60 to the
end of the experiment this reactor was, therefamg; fed with 200 ml manure/d (period 4).

Toxicity of tall oil: The toxicity effect of tall oil on the anaerobigestion of cattle manure was
tested in batch experiments. Crude tall oil costaiosins, unsaponifable sterols (5-10%), resin
acids (mainly abietic acid and its isomers), lohgio fatty acids (mainly palmitic acid, oleic acid
and linoleic acid, abbreviated LCFA), fatty alcahiobome sterols, and other alkyl hydrocarbon
derivates. Tall oil, also called liquid rosin orldd is a viscous yellow-black odorous liquid
obtained as a Dbyproduct of the Kraft process of dvopulp manufacture (ref:
http://en.wikipedia.org/wiki/Tall_o)l 1 liter serum bottles was added 150 ml cattleuma (7.0%
TS, 5.5%) and 250 ml inoculum (3.6% TS, 2.8% V®nfra pilot-scale reactor treating cattle
manure. The bottles were flushed with, Mlosed with rubber stoppers and aluminum crinaps,
incubated at 55°C. Eight days after when a steaehame production was obtained, the bottles
were opened and different concentrations of thlere added: 0,1 g/l, 1,2 g/l, 3 g/l, 6 g/l, 1Q.g/
Finally the bottles were flushed and closed as wgslained before, vigorously agitated and
incubated at 5%. Controls bottles were not added tall oil andhkéaconsisted of 150 ml water and
250 ml inoculum not added tall oil. The experimards performed in triplicates. The methane
production was measured frequently during the emtkperiment.

pH and ammonia/total N content were determinedgustandard methods (Greenberg etl8b8).

CH, production in batch experiments was measured byu§ig flame ionization detection. GH
and CQ production from lab-scale reactors were determipgdsC using thermal conductivity
detection. For VFA determination, 1 ml samples wwaslified with 70 ul 17% phosphoric acid,
centrifuged at 10500 rpm for 20 min, and analyzed>&€ equipped with flame ionization detector.

RESULTSAND DISCUSSION

Examples of biogas output from centralized biogas plants and unknown process imbalances

As mentioned, the frequency of process imbalarc@sknown but a typical example of the biogas
output from three different plants is illustratedfigure 1. During a period of 3 years one plant
(figure 1a) had 4 production failures all lasting 3veeks while another plant (figure 1b) had one
severe process imbalance lasting for several moithe third plant that is illustrated (figure 1c)
was exposed to two severe imbalances during agefid0 years. The cause of imbalance in all
examples was unknown. However, according to thexvidws inhibition with long chain fatty acids



was suspected in figure 1b, while ammonia inhibitwas suspected in figure 1c. Besides actual
process failures, the biogas plants are often petated optimally with a large unexploited methane
potential in the residual. In table 1 it is seeat ihp to 30% of the potential can be unexploitdte T
reason for this is often due to suboptimal reactmditions that especially are caused by high
ammonia concentrations in the reactors (> 4 g-Mhgelidaki et al. 2005). Additionally, short
HRTSs like (10-13 days) and high fractions of indiastwaste in the feedstock were connected to
large methane potential losses. Such long ternmogtibial process conditions are more difficult to
recognize than actual process failures and reqeitieer correlation of the plant’'s methane
production with the expected methane productioretbam the influent feedstock or estimation of
the process stability as indicated by VFA leveldbgrestimation of the residual methane potential
of effluent biomass. Estimation of ammonia mightsome cases be useful (see later) and is also
performed at a few plants. However one should noget that ammonia concentration does not
reflect the state of the process, but are a catissmlmalance. Furthermore, the high impact of
ammonia adaptation on the inhibitory level (Angakdand Ahring 1993; Hansen et al. 1998)
makes ammonia concentration somewhat difficult $& as an indicator of suboptimal reactor
performance.

Table 1. Methane loss in (%) at the Centralized biogaastplarhe loss was estimated as the
amount of methane produced from the residuals coedpa the methane production of the
main reactor.

Lintrup Filskov Hashgj Arhus SnertingeRevninge Blahgj Ribe Studsgard

21,2 2,9 11,8 24,5 10,3 9,8 8,3 30,7 3,6
Fangel Blabjerg Vegger Sinding- Vaarst- Vester- Nysted Thorsg Lemvig
Drre Fjellerad Hjermitslev
10,5 27,0 4,4 17,4 6,1 20,1 14,0 15,0 11,0

Examples of well defined processimbalances and case studies

Example 1 - ammonia inhibition caused by degradation of blood. Figure 2a shows the reactor
performance of a full-scale plant during digestidiblood. The plant has a reactor capacity of 7600
m® and consists of three equal sized reactors teabperated at 88 with a HRT of approximately
17-18 days. The plant treats approximately 362 toasure/d together with approximately 75
tons/d alternative waste (organic industrial waskepm the 1 of September 2005 the organic
industrial waste consisted of blood from pigs. Aorease in ammonia concentration and VFA was
seen immediately and from the middle of Octobeeaehse in biogas production of approximately
32% was observed. The blood was omitted from tleelseck from the 10 of November and
approximately 2 weeks after the biogas productiaas Wwack at the original level. The whole
inhibition period of the methane production lastedapproximately 6 weeks. Not surprisingly the
data from the plant shows that the process imbalanald have been avoided if the warning by the
increasing VFA concentrations had been appliedhan daperation procedures. Besides this, the
sudden sharp increase in ammonia concentrationgalge an indication of a rather unrestricted
reactor operation and an unbalanced process. Ttaeatso raises the question if the operation
temperature of the plant was suitable for treatroéthie blood and if blood should have been added
to the reactors at all. It is well known that thehibitory effect of ammonia increases with
temperature (Anthonisen et al. 1976). In this ceiptéhe process at the full-scale plant was
simulated in a lab-scale reactor experiment at pi@io and thermophilic temperatures (figure 2b-



2d). The loading with blood was approximately tlaene as in the full-scale plant (18-20% w/w).
As in the full-scale plant an immediate significamicrease in VFA concentration in the
thermophilic reactor was observed when blood wakeddwhile a more moderate increase was
seen in the mesophilic reactor. A clear increaseethane production was also seen (highest in the
mesophilic reactor) due to an increase of the acgkrading with easily degradable blood. This
increase was not seen as clear in the full-scalet @ince blood was added as a replacement of
other organic industrial waste. The methane praodaocin the thermophilic reactor started to
decrease after only 6 days of feeding with blood e production never fully recovered during the
experimental period, despite the fact that the torawas not added blood from day 60. An
inhibition/decrease of the methanogenesis in thesopl@lic reactor was also seen from
approximately day 55. Interestingly, the free ammawoncentration (Nkj in that reactor were not
high and well below the inhibitory level of 0.7-1@®N/I that previously has been suggested
(Angelidaki and Ahring 1993; Hansen et al. 1998his pattern illustrates that not only free
ammonia but also other components in the blood trfighre affected the process stability of the
reactors.

The results of this case study show that operaéioiperature has a high impact on process stability
during codigestion of manure with blood. The resalso show that it not possible to obtain a stable
codigestion of manure with blood neither at thermbp nor mesophilic temperatures when
applying the same loading conditions as at thedtdlle plant. Therefore, we conclude that blood
should be added only at small amounts and undefutgorocess monitoring in order to avoid
process inhibition at the plant.

Example 2 - acute inhibition by tall oil. During spring 2006 two mesophilic centralized bimga
plants was subject to severe process inhibitiomsorle of the plants, the reactors needed to be
emptied and re-inoculated with digested biomassrdier to reestablish the production. Prior to the
inhibition the plant had been added tall oil twisgthin a few days in an amount of 6 g/l.
Apparently tall oil had an acute toxic effect ta@throcess. The methane potential of tall oil was
estimated by the supplier to be “high”, but no piad evaluation of the degradability/toxicity of
the product was performed before it was addeddgtant. The inhibitory threshold level of tall oll
was evaluated in our laboratory (batch tests) andd to be as low as between 0.1 to 1.2 g/l (figure
3). Although inhibitions caused by LCFA sometimas e easily distinguish in batch experiments
than in reactor systems (Nielsen and Ahring 200®,results shows that the knowledge about the
waste composition and degradation characteristginadequate.

Example 3 - foaming in pre-storage tanks and reactors

Foaming in the pre-storage is a problem repeataiobgrved at the Danish biogas plants. A sudden
lowering of pH due to inexpedient mixing of diffetewaste types leading to a g€lripping is
normally considered as the main reason to foamrmnglénts. The practical reason for most of the
foaming problems is a limited number of pre-storageks (1-3) forcing the plants to mix the
different waste products before feeding to the tegadfigure 4). Construction of more pre-storage
tanks would help on the foaming problems and at#me time ensure a more precise dosing of the
individual waste product, which would help incremsthe process stability. Finally, a more precise
identification and removal of the complex/inhibdinvaste types would be possible if more pre-
storage tanks were build.

Sometimes foaming is not only observed in the poeage tanks but also occurs inside the reactors.
This is illustrated in figure 5. In this plant theaming also affected the biogas production. Fogmin
started in the beginning of April 2003 and happefreduently during a period of almost 2 years.
As a consequence of the foaming a slow but lonm tdecrease in methane production was
observed. Thus from June 2004 to March 2005 théuymtmn was 32% lower than before the
foaming problems started. According to an intervieith the plant the foaming could not be related
to a specific substrate and the problem endedapisuddenly as it had started.



CONCLUSIONS
From our interviews with various plant managersetbgr with our data-collection and lab-results
we conclude that the most frequent process imbafatitat occurs at Danish centralized biogas
plants are related to the composition and handbhghe substrates. High concentrations of
ammonia and long chain fatty acids is often a cafisehibition but foaming might also affect the
biogas output of the process. The high concentratad inhibitory compounds are allowed to occur
as a result of:

a) Inadequate knowledge about the substrate cotigosi

b) Inadequate knowledge about the degradation ctesistics of the waste, with regard to

inhibition level and biogas potential.

c) Inadequate process surveillance, especially regfard to volatile fatty acids.

d) Insufficient pre-storage capacity and inexpetdnaixing of the different waste products

in pre-storage tanks, hindering exact dosing o€iigevaste to the reactors.
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