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Introduction 1

1 INTRODUCTION

Grazing animals and land application of liquid m@nare considered responsible for a certain
background level of pathogenic microorganismswels as nutrients and, possibly, pollutants
- in the environment (Lenhart, 2001). Potential sedive agents of human waterborne
infections that may be present in animal manurdude bacteria, protozoa and viruses
(Bicudo et al., 2000). Assessing these environnhéntpacts from livestock farming is a
complex endeavour since the above-mentioned agrralilactivities form a diffuse source of

pollution, in contrast to a point source such agagge treatment works.

In order to protect water resources from microlmahtamination originating from
livestock farms, a multiple-barrier approach harbeuggested which incorporates the
following control points (Stehman, 2000): (1) Pajéo import to the farm concerning all
pathways through which pathogenic organisms camtoeduced into an animal operation
such as feed, water, and treated or untreated ma(®)r pathogen amplification within the
animal operation; (3) appropriate collection andatment of animal waste in order to
eliminate pathogenic organisms to the maximum ptssxtent; and (4) pathogen export
from the farm concerning all measures to prevetiiqgenic organisms from entering water
resources or food chains. This thesis deals with tthird control point, particularly the

sanitizing treatment of liquid manure by anaerabgestion.

Water protection areas (WPA) are an important lega¢ans of preventing
contamination of drinking water resources. In Ganndhey are normally divided into three
zones, with the so-called inner protection zone (& II") serving to prevent contamination
of drinking water with pathogenic microorganisms V@®W, 1995). Generally, both
application and storage of animal manure are pi@dbin this zone. Therefore, the
enlargement of existing WPA will clash with the ardsts of livestock farmers owning
agricultural land in the concerned areas. On therdtand, land owners affected by land use

restrictions are entitled to compensation by lamd@Aymous, 2001).

The enlargement of an existing WPA was the stargiomt for this research. In the
respective area that serves the water supply eetilommunities in the Bavarian Alpine
forelands, drinking water is produced from a graaguifer that is prone to contamination
from the surface (thickness of overlying strata8 20 4 m). To mitigate conflicts with
agriculture, the public utility company had beeaKimg for options to subject animal waste to
a sanitizing treatment, as a possible alternativthé strict prohibition of land spreading. It

was decided to examine this within a joint projetwater and agricultural authorities. To
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ensure the relevance of the outcomes to the pahetpplication, the scientific investigations

were to be performed at pilot-scale.

Anaerobic digestion (AD) was identified as the mpsbmising alternative out of
various mature technologies for the sanitizingttresnt of animal wastes, mainly because of
its outstanding advantage of producing the veesaténewable energy source biogas.
Additional benefits of AD such as recycling of nents, reduction of odor, and improvement
of fertilizing effects may be achieved by othematraents also (Wright, 2000). It is known that
for thermophilic conditions (typically 55°C or higi) the combination of treatment time and
elevated temperature is the chief control for thaitizing effect of anaerobic digestion.
Mesophilic digestion alone (typically operated & ® 38°C,i.e. at a temperature level
similar to that in the intestine of mammals) causely a relatively slow reduction of less

resistant pathogenic organisms due to chemicabfaeind microbial competition.

From the hygienic point of view, a completely mixegactor which is by far the
dominant form used in agricultural biogas plants Germany (Weiland et al., 2005;
Effenberger et al., 2002) is disadvantageous. Agter of principle, the minimum retention
time in this type of reactor is given by the tinmterval between withdrawal and feeding.
Therefore, effective sanitation in a completely esixeactor requires long feeding intervals
which are on the other hand not desirable with netga process stability and continuous
biogas production. This problem can be tackled tograing two or more completely mixed

reactors in sequence or employing reactors that@reompletely mixed.

In a large number of laboratory studies and tholegh frequently in full-scale plants,
the inactivation of various indicator and pathogenacteria in animal manure by anaerobic
treatment has been demonstrated. Mainly due to odetal difficulties and financial
constraints, relatively few studies exist on thechivation of endoparasites such as
Cryptosporidiumand Giardia spp. by AD. The (oo)cysts of these organisms aghin
resistant to environmental stresses and chlorieatrtrent, and can remain viable and
infectious in water for up to several months orrelanger (Daugschies, 2000; Robertson et
al., 1994). Enteric diseases caused by infectiogc¢sts are dangerous for unborn and small
children as well as immuno-compromised personsitétdrke, 1999). A combination of
different analytical techniques is required to ekwarthe presence, vitality and infectivity of
(oo)cysts in environmental samples. While Doll kt(2999) could not prove the complete
inactivation of Cryptosporidium parvumin sentinel chambers during single-stage

thermophilic anaerobic digestion, they proposed plagsing through mesophilic temperature
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conditions prior to thermophilic treatment couldpirave the inactivation of cryptosporidia by

stimulating excystation of the heat-resistant otys

Combining a thermophilic and a subsequent mesapliigestion step has been
demonstrated by a number of researchers to impamaerobic degradation efficiency of
various organic wastes including domestic wastewatedge, suspended bio-waste and
animal wastewater (Sung & Santha, 2003; Christ,9199an et al., 1997). Successful
application of this process to treat liquid dairgtte wastes at full-scale has not been

documented to date.

Based on the findings summarized above, it wasdédcto construct a sequence of
three anaerobic digesters that would be operatedeabphilic, thermophilic and mesophilic
temperature level. To increase the guaranteed ti@tertime during quasi-continuous
operation, the thermophilic digester was desigrsed horizontal tubular reactor with baffles.
This thesis evaluates the performance of mesophiéicmophilic-mesophilic anaerobic
digestion for the treatment of liquid dairy catthanure. The above-mentioned joint research
project offered the opportunity to investigate threcess scheme at bench and full scale in
cooperation with researchers and practitioners ftbenfields of agriculture, microbiology,

and water resources management.
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2 STATE OF KNOWLEDGE

This thesis focuses on engineering aspects ofrhestigated anaerobic treatment process.
Consequently, the main part of this chapter iscdd to the discussion of technical aspects
of the anaerobic digestion of liquid animal manuBome general environmental and
legislative aspects of the management of orgarsicdues will be outlined first, as this work
was prepared within the framework of a joint reskaroject involving water and agricultural
authorities. Most of the information refers to thendling of wastewater sludges and bio-
wastes which has been regulated in more detailttt@handling of animal manures. Methods
for controlling the sanitizing effect of differeiteatment options include microbiological
techniques for hygienic monitoring which were inrtpadeveloped by cooperating
microbiologists in the course of this project.

2.1 Environmental I mpacts and Health Risks Associated with Livestock Manure

Agriculture is a major contributor to the overlaafcthe nitrogen cycle occurring in developed
countries due to emissions of ammonia an@® Mnd the input of nitrogen into surface water
bodies and groundwater.,® damages the ozone layer and is a powerful gresehgas
(COsx-equivalent: 310). Deposition of ammonia contrilsuteo the acidification and
eutrophication of soil and water bodies. Nitrats hdverse effects on drinking water quality.
Additional environmental impacts from agricultupgrticularly from livestock farming, are
phosphate input into surface waters, the releaseetiiane as a greenhouse gas and emissions
of odorous compounds. Raw liquid manure has arathenutrient content, and in addition it
contains inorganic and organic nitrogen compoundighvmakes the calculation of nitrogen
availability more difficult compared to synthetierfilizers. Improper application due to the
low valuation of untreated liquid manure intensfieegative impacts on the environment
(Dohler et al., 1997).

Since many infectious diseases of livestock areneoted with the digestive tract,
animal wastes also constitute a substantial sdordbe spread of pathogenic germs (Strauch,
1996). The concentrations and types of pathogeasimal wastes vary with animal species,
herd size, geographic location of the farm, andctiraposition of the manure. The four main
areas of health issues related to the handlingre$tock wastes are: Public health concerns,
hazards to livestock, health risks for farm stafid food quality issues (Burton & Turner,
2003).
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2.1.1 Hygienic Risks of Land Spreading

A risk of infection from animal wastes may occuorfr contaminated crops, soil, water and
air. The hygienic hazard associated with animaltegis very different depending on whether
slurry or manure are going to be used as fertilamearable land, as fertilizer on pastures, or
as recycled feed (Strauch, 1987). It is extremefficdlt to quantify the actual hazards
associated with animal wastes applied to land (8kra1996), since not only livestock but
also humans and wildlife species can serve as @ead infection from the same pathogens
(Bicudo et al., 2000; Shelton, 2000). However, sysvin the United States revealed that in
those cases of waterborne disease outbreaks wienaitrobial agent could be identified,
farm animals were the most likely source of thagents (Gerba & Smith, 2005).

In principal, the risk of biological wastes appli@dagricultural land can be divided into
(i) the epidemiological risk of transmission of awail pathogens to livestock via direetd,
through contaminated pastures) or indirect pathwdy®ugh contaminated fodder or living
vectors) and (ii) environmental risks through diss®tion of pathogens or bacteria resistant
to antibiotics (Bohm, 2002). In the case of anifeaks, generally the epidemiological aspect
is of greater importance. The manure of clinichlgalthy livestock that is only used within a
farm does usually not pose a significant epidengickal risk. However, the risk of
transmission of infectious agents rises abruptlyth@ case of an epizootic outbreak. The
predominant pathogens found in manure that careadigease in humans &almonellasp.,
Escherichia colO157:H7, Listeria monocytogenesMycobacterium paratuberculosis
Cryptosporidium parvumandGiardia sp. (Olson et al., 1999; Pell, 1997). The surviad
transport of different pathogens shed into the remwent with animal feces depends on a
number of environmental factors, such as insolatiemperature, humidity, salinity, physical
and biological soil conditions (USEPA, 2001). Sgipe and soil water content and flow
appear to be the most important factors for theicadrmovement of microorganisms to

groundwater resources (Mawdsley et al., 1995).

2.1.2 Legislation

A potentially economical and environmentally susaédile way for the recycling of nutrients
is the application of residues such as wastewdtelgs, animal manure and bio-waste to
agricultural land. However, this requires minimgirthe chemical and hygienic risks
associated with the application of these matet@l&nd. As indicated above, there are few
cases where disease outbreaks of man or animalagafrom land application of sludge or

animal slurry could be evidenced. The emergenaeeof pathogens over the last decade due
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to factors such as increasing global transfer ajdgoand people, improved tools for the
identification of pathogens, and evolution of pagoes has raised concerns about associated
public health risks (World Health Organization, 3D0The following paragraphs illustrate the
multiple-barrier approach to risk reduction thatnie the basis of U.S. and European

legislation governing land application of residéresn different sources.

In the U.S., control of pathogens and vector ditvacin sewage sludge is regulated
under 40 CFR Part 503 (USEPA, 1992). Public heatith animals are to be protected from
sewage sludge pathogens by combining measure$ mddiicing the number of pathogens
present in the sludge, (ii) reducing the suscdjiitnf the sludge for disease vectors, and (iii)
restricting site use to limit human and animal echtwith the sludge after its application.
Treated sludges are categorized as Class A or ®lus according to specified requirements
for pathogen reduction. Class A biosolids are niifject to site restrictions as treatment of
these sludges is required to reduce the numbengatbtfogens (including enteric viruses,
pathogenic bacteria, and viable helminth ova) tdowedetectable levels. Additional
requirements with respect to reducing vector ditvacapply to both categories. Comparable

regulations concerning pathogens in animal mandoesot exist (Moss et al., 2002).

As far as hygienic aspects are concerned, the Earogommission's Directive on the
protection of the environment when sewage sludgeses] in agriculture has taken a dual-
barrier approach (Carrington, 2001; European Comsions 1986). Pathogen loads have been
considerably reduced mostly by mesophilic anaerdlgestion. In order to further minimize
the risks, constraints have been put on the udeanvesting of crops from land receiving
sewage sludge. The European Commission has proposiéefine technical parameters for
"advanced" sludge treatment processes that enggrenization to such a degree that use of
those sludges need not be restricted (see beldve).application of "conventionally” treated
sludges with a lower degree of hygienization wothlldn be subject to certain constraints
(European Commission, 2003a). These regulationddamarrespond to U.S. Class A and B

requirements.

Directive 1774/2002 of the European Commission lags in detail how to deal with
animal by-products not intended for human consusnp{iEuropean Commission, 2002).
Therein, animal by-products are divided into categpol to 3 according to decreasing
hygienic risks. Animal manure from clinically hdajtlivestock is found in Category 2, but

together with gut contents, milk and colostrumxsrapt from sterilization prior to biological
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treatment or land application. A waiting period2df days applies if these materials are to be

spread on pastureland.

In Germany, hygienic requirements for the treatnodétiological wastes except sewage
sludge and animal by-products prior to land apgibiceare addressed in the Ordinance on
Biowastes (Anon., 1998). Provided that limit valdes heavy metals are not exceeded, the
maximum allowable amount of bio-wastes applied pectare is generally restricted to
30 tons of dry matter over a period of three ye@osprevent the microbial contamination of
groundwater used for the production of drinking evatprotection areas (WPA) are
established around drinking water supply wells. Hiva of the so-called inner protection
zone ("Zone II") is to avoid contamination of thenling water, especially by pathogenic
microorganisms (DVGW, 1995). Both application atatage of animal manure are generally
prohibited in this zone. According to the Federaltéy Act, land owners affected by land use
restrictions have to be reimbursed for economitsddlantages (Anon., 2005). It has been
discussed whether exemptions from this strict fmtbn are possible if the manure is
subjected to a sanitizing treatment. In practices¢hexemptions are decided about for the

individual case of a specific WPA.

To summarize the current regulations to avoid rigksiluman health associated with
land spreading of animal wastewater in Germany:nfhimanure from clinically healthy
livestock is not subject to sanitation requiremgatsvaiting period of 21 days has to be kept
after application of animal manure to pasturelaadkl application and storage of animal

manure are usually prohibited in the inner protettione of water protection areas.

2.2 Treatment of Livestock Manure

Livestock manure may be subjected to physical, etednor biological treatments (Figure 1)
with the objectives of reducing the amount of rgadiegradable organic compounds and
pathogens, referred to as the process of staldizaind sanitation, and the removal or
recovery of nutrients. Optimizing a treatment wispect to one of these aims does not
necessarily lead to achievement of the others. mbset common treatment processes for
animal wastewater or liquid manure that are culyeptacticed to varying extent are
prolonged storage, solid-liquid separation, aerodti@bilization, and anaerobic digestion
(Burton & Turner, 2003; Rickert, 1991).
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Treatment of liquid manure

Biological treatment Physical treatment Chemical treatment
» Anaerobic digestion Mechanical treatment:  Precipitation
» Aerobic stabilization » Solid-liquid * Floculation
» Nitrification/ separation
denitrification * Reverse osmosis

Thermal treatment:
e Evaporation
* Ammonia stripping

Figure 1. Treatment processes for liquid manure

Anaerobic digestion alone does not reduce theentttoad of liquid manure. However,
due to the effects of the degradation of organittenathe mineralization of organic nitrogen
to ammonia-nitrogen, the improvement of fluiditpdathe production of biogas as an energy
source, anaerobic digestion is a prerequisiteHerapplication of various further treatments

for the recovery of nutrients from liquid manure€\Wénd, 1997).

2.2.1 Treatment Options for Sanitation

According to Béhm (2002), since feasible treatmmethods can be found for any material
and requirements, the mere presence of pathogempanticular substrate does not justify a
general prohibition of its use. “Advanced” treatnseffior the reduction of pathogens in
sewage sludge that have been proposed for amendengespective regulations of the
European Communion are (Carrington, 2001): Compgstither in the form of windrows,
aerated piles or in vessels; thermal drying; thenil digestion (aerobic or anaerobic); heat
treatment followed by mesophilic AD; and treatmewith lime (CaO). Strauch (1998)
suggested that an advanced treatment process sheuldquired to reduce the number of
naturally occurring or added Salmonella by 4 ladanic units and destroy the viability of
helminth ova. Pathogenic microorganisms can surmueh longer in (semi-) liquid manure
than in solid manure which naturally undergoes e@cgss of self-heating,e. composting
(Strauch et al., 1977).

Full-scale studies on the inactivation®f colias a common indicator organism in the
course of the so-called “enhanced” sludge treatsnemtcomposting, lime addition, and
thermal drying revealed considerable variability te achieved reduction of microbial
concentrations between different facilities op&gtithe same generic treatment process
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(Godfree & Farrell, 2005). The reasons for the ol discrepancies could not be elucidated
which stresses the importance of process validatmah control as outlined in the following
chapter.

2.2.2 Control of Pathogen Reduction

A combination of (i) validation of pathogen redwacti(process validation), (ii) specification
and control of treatment conditions (process cdntand (iii) microbiological monitoring of

the treated material (product quality assurance)i & found in the German Ordinance on
Biowastes, provides maximum safety that the requer@s of pathogen reduction are met in
practice (Bohm, 2002). Table 1 summarizes advastagel drawbacks of the different

methods for controlling pathogen reduction.

Table 1. Summary and assessment of methods tatpathogen reduction during
different treatments (according to Béhm, 2002)

Method Advantages Disadvantages
Process validation * Reproducible and * Cost- and labor-intensive
comparable results for a * Rare event
particular technical process « Does not account for
* Responsibility for the operational faults of the
treatment performance with treatment process

the planner, manufacturer or
vendor of the plant

Process control » [Easy to accomplish on a » Difficulty of finding
continuous basis representative control points
* Readily available results * Process validation needed for
» No special skills or laboratory determining control
investigations required parameters
Product quality » Readily accomplished and » Difficulty of representative
assurance flexible with respect to sampling of heterogeneous
sampling procedures and complex materials

« Difficulty of finding suitable
indicator organisms for
pathogens that cannot be
directly quantified

New processes and treatment plants for sanitatren validated by testing their
effectiveness for the inactivation of appropriat@regates. Upon commissioning of a
treatment plant the surrogates are introduced timoreactor in known amounts by using
sentinel chambers ("germ carriers”), and the reduocin number is evaluated after the
required treatment time. The advantages of procalsdation are that: it allows to evaluate
whether a technical process is at all effectivgpiaducing a hygienically safe product; it
provides reproducible and comparable results; asdpng as a prototype has been validated,

it puts the responsibility for the process perfoneceon the planner, manufacturer, or vendor
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of the treatment plant. The disadvantages are ithatcost- and labor-intensive; it is typically
a fairly rare procedure; and it does not accounbfeerational faults of the treatment process
(B6hm, 2002).

The performance of a validated treatment procesth&inactivation of pathogens may
be controlled by monitoring relevant technical paeters. To give an example: For the
process of thermophilic anaerobic digestion thentaer Ordinance on Biowastes specifies a
minimum treatment time of 24 hours at 55°C and aimim hydraulic retention time of
20 days. It is required that the temperature in rigctor is monitored in at least three
positions on a daily or possibly continuous ba$emperature measurements and feeding
intervals have to be recorded automatically or raflwuand stored for at least five
consecutive years. Process control measures havéollbwing advantages: They can be
easily and continuously accomplished; the resuksraeadily available; and they require no
special skills or laboratory investigations (BoH2002). However, measured temperatures are
not necessarily representative for the entire m®cespecially if the material is very
heterogeneous. Also, validation of the processilais€ale is needed for determining control

parameters.

Direct examination of the treated material is rgadccomplished and is flexible with
respect to sampling procedures. However, with Jesterogeneous and complex materials
representative sampling is difficult and isolatioh actual pathogenic organisms is often
impossible. For that reason, indicator organisme aommonly used to assess the
performance of sanitizing treatments. These indisator surrogates should meet the
following requirements (Bohm, 2002; Martens et 4B99): They should be consistently
present in the untreated material in large numbérshould be shown by epidemiological
studies that the indicators are transmitted bytrb&ted material; the indicators should neither
be a part of the biocoenosis involved in biologitaatments nor of the natural biocoenosis of
the soil environment; they should be easy to calévand reliable to identify from complex
matrices such as sludge or animal slurry; and thleguld not be less resistant to the
inactivating factors of the treatment processen tha pathogens for which they are used as a

surrogate.

The use ofSalmonella senftenberd/ 775 (HS-negative) as indicator organism for
demonstrating pathogen reduction during composting anaerobic digestion has been
frequently tested and is regulated in the GermanwBstes Ordinance (Anon., 1998). Due to

their limited survival time in the environment, &aoliforms Escherichia coli FC) have
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been used as indicator organisms for relativelghfreontamination of water with human and
animal feces. In the U.S. they are used as indedtwr pathogen control during sewage
sludge treatment.

Intestinal (fecal) enterococci appeared signifijaninore resistant to increased
temperatures than other bacterial and viral indicatganisms used for the evaluation of the
sanitation efficiency of anaerobic treatment pldotsbiowaste (Martens et al., 1999). Due to
their higher tenacity compared to bacterial indicsit (except for spore-formers) and
Cryptosporidium parvumintestinal enterococci may be an ideal indicatgganism for the

sanitation efficiency of thermophilic anaerobiceigon (Lebuhn & Wilderer, 2006).

The endospores dTlostridium perfringensare resistant to temperatures up to 100°C
(Schlegel, 1992) and are not reduced during anaerdigestion. The fact that these
organisms are ubiquitous in soil and feces and xe&sigtant to environmental stresses makes

them unsuitable as indicators of recent fecal coimtation (Lebuhn & Wilderer, 2006).

In order to more fully appreciate the risks of samssion of microbial pathogens from
animals to humans, more data on the concentratibimslividual pathogens in manures and
other residues and their reduction in the coursdiftérent treatment processes are needed
(Moss et al., 2002). As addressed in the followghgpter, this research demand is apparently
closely connected with the issue of developing atahdardizing reliable and useable
detection methods for these organisms (Lebuhn,e2@03).

It is agreed that effective management of pathogebslogical wastes has to take into
account the complete chain of treatment, residuwmsdlmg and application as well as
subsequent processes. A useful tool to achievertaysbe quality management systems based
on the principles of hazard analysis critical cohpoints (HAACP) which are employed in
the UK (Godfree & Farrell, 2005).

2.3 Detection and Quantification of Pathogenic and Indicator Microorganismsin

Slurries

Traditionally, the sanitation efficiency of a trent process is evaluated by cultivation
techniques using indicator bacteria such as (femdijorms and intestinal enterococci (fecal
streptococci). These culture-based techniques bBaveral drawbacks. Firstly, they require
one to several days to produce results. This magribeal if rapid decisions must be made in
case of a hygienic hazard. Additionally, cultivatitechniques frequently lack sufficient

specificity. Active/viable but not cultivable (A/MBC) and eventually pathogenic cells may
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not grow on the (artificial) media but may beconeilent in their natural host (Thomas et
al., 2002; Lleo et al., 2001; McDougald et al., 829rhis can result in an underestimation of
potential pathogens and associated health riskall¥i protozoan parasites and the Norwalk
virus cannot be cultivated at all and thermophdampylobacters are difficult to cultivate
under laboratory conditions. However, these orgasisire resistant against most practiced

sanitizing measures and are among the leading safi$eiman enteric diseases worldwide.

One of the most promising molecular biology toadsdetect and quantify specific
organisms in environmental samples is the real-uantitative polymerase chain reaction
(RT-gPCR) (Heid et al., 1996; Holland et al., 199Hpwever, a major problem when
applying this technique to environmental samplesh& these samples can contain PCR-
inhibitors such as humic acids which can lead teefmegative results (Tebbe and Vahjen,
1994).

Lebuhn et al. (2003) developed a suitable syste@NA extraction and RT-qPCR for
the specific and sensitive quantification of pa#mg and indicator bacteria in liquid cattle
manure and other environmental samples. In congarie the culture-based systems for
guantification of (indicator) organisms, the gPCpomach has the following advantages:
Results are generated much faster; distinct orgemnig.g, pathogens) can be determined
specifically; non-cultivable but active and potali infectious agents can be quantified; and
the system provides a high throughput and is céfectere. Using a standard spiking
procedure it was possible to compensate for metbgaal bias, assess the method detection

limit, and avoid false negative results (Lebuhalet2004).

Both cultivation and quantitative real-time PCR @ including optimized DNA
extraction and quantification were used to evaluhte hygienization performance of the
mesophilic-thermophilic-mesophilic anaerobic digastsystem for the treatment of liquid
dairy cattle manure that is described in this theBhe comparison of these two methods with
respect to the quantification of pathogenic andcaior bacteria showed that results from
cultivation and qPCR targeting DNA were in goodesggnent for samples of raw manure and
digest. However, considerably higher qPCR valuesewabtained for samples from the
digesters. Extrapolating from qPCR results to themer of viable and potentially infectious
(micro)organisms was only possible for equilibralbed not for stressed samples, since qPCR
also detects the number of genes or genomes ofatgadisms whose DNA has not yet been
degraded. It was proposed that gPCR should beeapgliring hygiene monitoring routines

for the detection of distinct (pathogenic) orgarssraptionally followed by cultivation for
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verification. This could reduce analysis time andnpower, warrant hygienic safety by
monitoring specific (non-cultivable) pathogens, aamtbw for prompt action in cases of
positive results (Lebuhn et al., 2005).

24 Anaerobic Treatment of Liquid Cattle Manure

In most European countries, cattle manure accoiantbetween 40 and 70 % of the total
manure production. Based on their solids conteahures may be characterized as liquid (up
to about 10 % DM), semisolid (between 10 and 20 Rh,and solid (above 20 % DM; Ohio
State University Extension, 1995). The proportidriveestock manure produced in the form
of liquid manure (slurry) varies considerably betwecountries (Burton & Turner, 2003).
While flushing systems are usually not used in Raran most countries liquid manure is
diluted with waste water from different sourcesttisacollected in the slurry pit. Dry matter
(DM) contents of manure samples from Germany weund to vary widely between farms
within a range of about 2 to 13 % (Bihler, 1999h&e, 1991). In 2,300 samples of liquid
dairy cattle manure from Bavaria, the average DMteot was 7.4 % (Peretzki & Heigl,
2006).

Cattle wastes can be pumped up to a solids comtearound 12 %. Liquid cattle
manure shows a pseudo-plastic behavior above a DMent of about 3 % (m/m) and
exhibits thixotropy due to a high content of dis®al colloids (H6rnig, 1982; Strauch et al.,
1977). This means that its viscosity decreases wifeasing shear rate and time of agitation

(Sigloch, 1996). These properties are lost durivegprocess of anaerobic digestion.

Beside technological influences such as beddingmahiand manure collection system,
the composition of the manure is also dependenthenanimal feed. Because a sufficient
supply of roughage (18-22 % (m/m) of feed; Kircheyes, 1987) is important for a high fat
content of the milk, the DM content of manure fraairy cattle typically contains a
considerable proportion of raw fiber including ligrwhich is not anaerobically degradable
(see 6.1).

2.4.1 Biochemistry of the Anaerobic Treatment Psece

As opposed to the process of aerobic mineralizatahyields CQ, H,O, large quantities of
cell mass, and waste heat, anaerobic degradaticorgainic compounds yields GGnd
methane, little cell mass, and little free energigaut 1/7 of the free energy from aerobic
mineralization). The process of anaerobic digesi®rtonstrained by the requirement of
appropriate internal electron acceptors. The reldkasethane can be used as a source of
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energy: One standard cubic meter of methane gaa hasating value of 9.97 MWh which is
comparable to the energetic value of one liter usl foil (10.08 MWh). Except for minor
amounts of nitrogen and sulfur that are releaséal time biogas, the process of anaerobic

digestion does not reduce the nutrient contertt@titeated material.

Anaerobic degradation is a combination of paralted sequential processes that involve
a variety of microbial consortia. Complete anaezabgestion to C@and methane proceeds
through the four main steps of hydrolysis, acidegen (fermentation), acetogenesis, and
methanogenesis. For conceptual purposes, the edahicroorganisms may be divided into
the three groups of hydrolytic bacteria, transilomacteria, and methanogenic archaea
(methanogens). Hydrolytic bacteria solubilize bigpters by exoenzymes and ferment the

produced soluble substrates (monomers) largelyganic acids and alcohols (Figure 2).

Biopolymers
Carbohydrates, pro'geins, oil and grease

Extracellular Hydrolysis

v
Long-chain fatty acids, §o|uble proteins, sugars

Fermentation/ Acidogenesis

v
Organic acids, alcohol§, acetate, .Hz, CO,

Intracellular

Intracellular Syntrophic acetogenesis/ Methanogenesis

v
Ace.tate

Intracellular Methanogenesis

v
CHy, CO, sseee

Figure 2. Basic pathways of anaerobic digestiondjfrexl after Batstone, 2000)

The fermentation products are degraded to acetgtdrdmsitional bacteria using
hydrogen ions or bicarbonate as external electame@ors. The production of acetate by
obligate hydrogen-producing acetogens requiresHgdrogen concentrations which is why

these organisms grow only in syntrophy with hydregélizing methanogens (or sulfate
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reducers). Fermentative chemoheterotrophic bacimdaluce mainly volatile fatty acids,

hydrogen, and C§and grow whether or not the produced hydrogearnsved.

Methanogenic archaea are very fastidious, strantigerobic microorganisms. Nearly all
of them can use Hand CQ for methanogenesis while only a limited numbemethanogens
have been isolated that form methane by cleavageathte to methane and carbon dioxide
(acetoclastic methanogenesis). During the digestibrcattle waste with semi-continuous
feeding, between 72 and 86 % of the methane waslftaibe derived from the methyl group
of acetate. The proportion of methane produced femetate was dependent on time after
feeding (Boone, 1981; Mackie & Bryant, 1981).

For most digester feedstocks, the principal sowfcenergy for the bacteria is the
degradation of carbohydrate-based particulate m@tigbson & Wheatley, 1993). Hydrolysis
of biopolymers, particularly carbohydrates, is tag-limiting step during anaerobic digestion
of particulate organic waste in digesters with lewels of volatile fatty acids (Boone, 1981).
In completely mixed digesters, methanogenic reastimecome rate-limiting when the mean
cell retention time is lower than the time necegstr maintain stable populations of
syntrophic consortia. For syntrophic methane pradaodrom lipids and volatile fatty acids,
the minimum cell retention time at mesophilic temgperes and within a pH-range of 6.8 to
7.5 1s around 2.5 to 4 days (Eastman & Ferguso8)19

Inhibitors of the anaerobic digestion process maydivided into two classes: end-
products of microbial reactions that are normabytf the digestion process and organic or
inorganic compounds in the feedstock. The latter ba high salt loads, heavy metals,
antibiotics or other toxic organic substances. byrihe fermentation of animal waste,
hydrogen addition immediately causes instabilitie® to increased acetate production and
inhibition of acetate dissimilation (Boone, 1981As mentioned above, simultaneous
production and utilization of hydrogen by syntraplionsortia is only possible within a
narrow range of low hydrogen levels (Batstone, 2060)gh hydrogen concentrations favor
the production of reduced fermentation productstiqdarly propionate and higher volatile
fatty acids. Propionate is degraded only at a hyeingpartial pressure below 10 Pa. Propionic
acid itself inhibits methanogenesis from HCQO,, acetate, and propionate which results in
further build-up of hydrogen (Hobson & Wheatley93%

Other main factors for inhibition of anaerobic digen are ammonia, sulfide, and pH
(Batstone, 2000). Ammonia inhibition is an issueimy anaerobic digestion of wastes

containing high levels of proteins or ammoniag( chicken manure). Angelidaki &
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Ahring (1993) observed poor process performancenguanaerobic digestion of cattle
manure at temperatures between 40 and 64°C if dleilated concentration of unionized
ammonia (NH) reached 0.7 g*C. Since the distribution of ammonia/ammonium is
dependent on temperature and pH, the inhibitiondcba partly overcome by decreasing the
temperature below 55°C. In anaerobic digestion exmnts with potatoe juice, granular
sludge could adapt to ammonia levels that wereti@2s higher than the initial toxicity

threshold (Koster & Lettinga, 1988). The experinsenere performed at 30°C, and the pH in
the digester liquid varied between 7.4 and 7.8.hédgh at greatly reduced specific
methanogenic activity, methanogenesis in the adagitedge was possible up to a level of
11.8 g ammonia-N*I* while unadapted sludge failed to produce metharse @ncentration

of 1.9 g ammonia-N*[!. Ammonia toxicity was found to be more or lessermsible. The

methanogenic population was first inhibited whiguged a build-up of volatile fatty acids.

In anaerobic reactors digesting feedstocks thatienen protein or sulfate, high sulfide
levels are found. Sulfide is produced by sulfatfucers that compete with hydrogen-utilizing
bacteria. The main inhibitory agent is undissodalgdrogen sulfide (k5) which is in
equilibrium with hydrogen sulfide ions (HSNormally, the digester liquid is oversaturated
with gases that are produced during the anaerolgestion process. The degree of
oversaturation is dependent on reactor height wimak be a limiting factor for the design of
reactors for the anaerobic treatment of sulfur-neistewater. Up to 500 % oversaturation
was measured in upflow reactors as opposed to 4 é6ntinuously-stirred tank reactors
(Witty & Markl, 1986). During the anaerobic digesti of wastewater from yeast production
in lab-scale reactors (reactor volume: 36.5 L, t@adeight: 1.7 m) 50 % inhibition of
methanogenesis was observed at asS Honcentration of 95 mg*t (Friedmann &
Markl, 1994). The exact determination of inhibitosulfide levels requires the direct
measurement of the concentration of undissolve. HSulfide control strategies are
precipitating sulfide with metal ions or increasirgactor temperature to release mogS H
into the biogas. On the other hand, to avoid proBlevith corrosion, hydrogen sulfide levels
in biogas that is utilized in an engine should bptlkat a level below approximately 200 ppm
(0.02 %) (see Chapter 4.1.3). In the raw biogasifamaerobic digestion of swine and cattle
manures hydrogen sulfide levels typically rangeveen 0 and 0.3 % (Friedmann & Markl,
1994).

Information about pH inhibition has been summarizeg Batstone (2000).
Methanogenic bacteria typically require pH valukswe 6.5 while acidogenic and acetogenic

organisms start to become inhibited at a pH beldwtd 5.0. A pH above 8.0 to 8.5 appears
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to be inhibitory to all relevant microorganismshilsition by sulfide, ammonia, and volatile
fatty acids is influenced by pH. The main buffesteyns during the anaerobic digestion of
animal waste are carbonic acid/hydrogen carbondtearcapacity maximum at pH 6.46 and

ammonium/ammonia with a capacity maximum at pH 9.25

2.4.2 Anaerobic Digestion Systems for Liquid Cattenure

A variety of systems for the anaerobic treatmentligfiid manure has been explored,
including conventional and biomass-retaining digest (Zhang, 1998). Conventional
completely mixed digesters (batch, fed batch, apdgi-)continuously fed) are suitable for
the treatment of unscreened liquid cattle manuréh vimedium solids content. Since the
hydrolysis of the particulate solids is the rateding step during AD of liquid manure, high-
rate digestion systems that are designed to inerdas degradation rate by retaining the
bacteria in the digester are not suitable for tngathese materials. The application of

biomass-retaining digesters requires dilution angfe-treatment of the liquid manure.

According to the characteristics of raw liquid menwand renewable raw materials
(RRM) used for biogas production in Germany, thevptent AD systems operated in
agriculture comprise one or several quasi-contislyofed, continuously stirred tank reactors
(CSTR) with mechanical agitation (Effenberger et &002). The recent technological
development is connected with the trend towarddingj larger plants, starting from about
350 kW electrical power output (corresponding tdiagas throughput of about 170 to
180 nt*h™).

The digestion of RRM with DM contents mostly betwezb and 30 % (m/m) requires
suitable devices for solids input, agitation, andgnping. An overview of state-of-the-art

agricultural biogas technology can be found in HRE05).

In a study of 60 agricultural biogas plants in Gany, vertical completely mixed
digesters were operated at almost 90 % of insiatiat(Weiland et al., 2005). Horizontal
digesters with slowly rotating paddle agitators evehiefly found as part of multiple-stage

processes used for high-solids co-digestion ofdiguanure and RRM (Table 2).
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Table 2.  Overview of the most common concepts akawbic treatment plants for liquid
manure and agricultural feedstocks

Outline Typical application Typical specifications

Completely mixed digesters in series  Liquid manure and/or Maximum DM content in

renewable raw materials primary digester: 10-12 %;

(RRM) mechanical agitation;
heating coils (or external
heat exchanger); overall
HRT: up to 50 days (liquid

manure),

60(-120) days (RRM)
Horizontal primary digester and RRM, possibly in DM content in primary
vertical, completely mixed digester(s) combination with (liquid) horizontal digester (cuboid
in series manure or cylindrical) up to 18 %;

mechanical agitation;
internal heat exchangers;
typically operated with
recirculation from
secondary to primary
digester; overall HRT: 60-

90 days
Plug-flow digester Semi-liquid cattle rectangular tank,
manure (U.S.), underground; no

:§ /& 13-15 % DM content mechanical agitation;
heating coils;

HRT: 15-20 days

In the above-mentioned study, the number of plavite two digesters was slightly
lower than that of one-stage plants, and 8 outh@f00 installations comprised three digesters.
The overall organic loading rate of the investigaf@ants,i.e. the organic loading with
respect to the overall active volume of the digassf(Equation 4.6), ranged mostly between 1
and 3 kg VS*(n*d) ™. Higher system loading rates occurred only atleistage plants. The
first stages of multiple-digester plants were mo&taded with 3 to 7 kg VS*(fid) ™. The
largest proportion of plants had hydraulic retemtimnes (HRT) of between 60 and 90 days,
with multiple-stage installations accounting for %6 of plants with more than 90 days
retention time. Most biogas plants treating maitldpiid manure had HRTs of less than
50 days. The majority of the investigated plantS ¥8 were operated in the mesophilic
temperature range between 37 and 43°C. Only a feamtg were run at thermophilic
temperature level (here: above 50°C) or used a o@tibn of mesophilic and thermophilic
stages (Weiland et al., 2005).

Mixing of the digester contents is done to: avdid formation of scum and sediment

layers; distribute the heating energy and maindaconstant temperature throughout the tank;
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stir fresh substrate into the digester content; emtbhnce the release of biogas bubbles from
the digester liquid. Most agricultural biogas ptahtive mechanical agitation devices such as
submerged propeller mixers, propeller mixers witlgieres lying outside, multi-beam paddle

mixers, long-axle agitators, or centrally mountgdators (FNR, 2005; Weiland et al., 2005).

Plug-flow digesters without agitators as they aoenmon in the U.S. appear to be
suitable only for the treatment of semi-liquid gazattle manure with 13 to 15 % DM (Hills
& Mehlschau, 1984; Table 2). Due to significant amts of fiber from undigested roughage
flushed dairy manure with lower solids contentssealiscum accumulation in plug-flow
digesters (Chen et al., 1984). These systems pieatly operated at hydraulic retention times
around 20 days and achieve a volatile solids realucif about 30 % (Wright, 2004).

2.4.3 Sanitation by Anaerobic Digestion

Since many enteric pathogenic and indicator bactare mesophilici.e. there optimum
temperature for growth and survival is in the ramge30 to 40°C, temperature will not
directly affect their survival during mesophilic aarobic digestion. Rather, the sanitizing
effect of mesophilic AD is mainly due to chemicatfors such as pH, redox potential, and
elevated concentrations of ammonia, hydrogen sjlficblatile fatty acids and microbial
metabolites.

Ammonia and enzymatic activity appear to be resipdamor the inactivation of viruses
(Hoferer, 2001). The direct influence of pH on taeacity of indicator bacteria is supposed to
be negligible within the range of pH values typigalbserved in anaerobic digesters. The
inhibitory effects of volatile fatty acids otsalmonellsspp. in anaerobically digested
municipal wastewater sludges were found to depengHh temperature, the chain length of
the acids, and the acids concentration, and appearmcrease with increasing temperature
(Salsali et al., 2006). Fecal coliforms in sewalgelge were reduced to non-detectable levels
in an acid-phase digester operated at 21°C andabl¢s below 6 (Puchadja & Oleszkiewicz,
2004). At mesophilic temperature and pH values ab®¥, fecal coliform destruction was

significantly less effective which was attributedaower levels of VFA.
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Generally, the decay of a (homogeneous) populatiomicroorganisms follows the

exponential law of disinfection (Chick’s Law):
X, X, =e™ (2.1)
with:
X = number of organisms at tinte,
Xo = number of organisms at time = 0;
k = inactivation rate constant; and
t = exposure time to disinfectant.

From this, the decimation timdg, as the time interval during which the number of

microorganisms is reduced by a factor of 10 (0P0y+6), can be calculated as follows:
Too=—— (2.2)

The sanitizing effect of a treatment process welldependent on the treatment time,
the time the microorganisms are exposed to theifgpawactivating factors. In real reactors,
there exists no single treatment time but ratheéisaibution of residence (or retention) times
of the micoorganisms in the fluid flowing throudtetreactor (Levenspiel, 1962). For (quasi-)
continuously fed, completely mixed reactors, th@imum guaranteed retention time is the

time interval during which neither feeding nor vdthwal occurs.

The rate of inactivation of specific microorganismsa digester can be determined by
monitoring the difference in numbers of native oigens between the feed and the effluent,
and/or by measuring the reduction in numbers ofigms that are added to the feed or
introduced into the digester merm carriers. Sanitation as a concomitant of theesobic
treatment of sewage sludge has been investigated &s early as the 1940s on (von
Stromberg, 1985). Various detailed studies on tiativation of pathogenic and indicator
organisms during AD were performed as of the 198Qaijn starting from the case of sewage
sludge digestion and later on with respect to ahimanure and biowaste (see Carrington,
2001 and Hoferer, 2001 for an overview).

ReportedTy values of common indicator organisms during ADsefvage sludge and
animal slurries in laboratory-scale reactors atapkgic temperature level are in the range of
1 to 2days forSalmonella spp. and Escherichia coli and 3 to 6 days for fecal
enterococci (FE) (Table 3). At thermophilic tempera level, decimation times for these
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organisms are less than an hour3atmonellaspp. andescherichia coliand a few hours for
FE (Table 4).

Table 3. Reported mean decimation times of indraaticroorganisms during continuous
anaerobic digestion at mesophilic temperature level

Organism Substrate Too [d] References

Salmonella typhimurium  Animal slurry 1.1-2.9 Kearney et al., 1993, Larsen &
Munch, 1990, Olsen & Larsen,
1986, Ruckert, 1991

Salmonella senftenberg  Cattle slurry + 1.05 Hoferer, 2001

food waste
Salmonella duesseldorf  Sewage sludge 1.6 Carrington et al., 1982
Escherichia coli Animal slurry 0.8-1.8 Kearney et al., 1993, Larsen &

Munch, 1990, Munch & Schlundt,
1983, Olsen & Larsen, 1986

Fecal enterococci Animal slurry 3-6 Munch & Schlundt, 1983
Enterococcus faecium Cattle slurry + 3.9 Hoferer, 2001
food waste

Table 4. Reported mean decimation times of indraaticroorganisms during continuous
anaerobic digestion at thermophilic temperaturellev

Organism Substrate Too [N] References
Salmonella typhimurium  Animal slurry 0.6-0.7 Larsen & Munch, 1990,
Olsen & Larsen, 1986

Salmonella senftenberg  Cattle slurry + 0.12 Hoferer, 2001

food waste
Escherichia coli Animal slurry 0.4 Larsen & Munch, 1990
Fecal enterococci Animal slurry 2-4 Munch & Schlundt, 1983
Enterococcus faecium Cattle slurry + 1.7 Hoferer, 2001

food waste

During anaerobic digestion at mesophilic and theunilc temperature levels, no
reduction of the bacterial spore formezsostridium perfringensand Bacillus cereuswas
found (Larsen & Munch, 1990; Olsen & Larsen, 1986).

Tgo vValues ofS. typhimuriumandE. coli that were introduced into a mesophilic, full-
scale digester in semi-permeable nylon bags wengpacable to those that were observed
when the same bacteria were directly added toltineysn small-scale digesters. However, in
lab-scale testsly, values for these organisms in nylon-bags wereSL.@Jdower than for the
suspended bacteria (Olsen & Larsen, 1986).

The reduction in numbers of indicator organismseobsd in two thermophilic
centralized biogas plants in Denmark varied fro81t8.5.4 log units for coliforms and from
4.0 to 5.5 log units for fecal streptococci. Cop@sding figures for biogas plants operating at
mesophilic temperature level were 2.5 and 1.6, eetsgely. The minimum guaranteed
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retention time in the two biogas plants was 5 and Beside animal slurries the incoming
material of the centralized biogas plants contawwadte from slaughterhouses, fish industries
or oil mills. Based on these findings, it was sigijgéd that sufficient reduction of both
vegetative bacteria and intestinal parasites dutiegmophilic anaerobic digestion required a
minimum reduction in numbers of fecal streptocdmcat least 3 to 4 log units or to a level of
10° CFU per mL (Larsen & Munch, 1990).

A study on the inactivation of indicator organisms24 full-scale agricultural biogas
plants of different design operated at mesophiémperature level revealed a median
reduction of the number of organisms in sampledigést compared to the raw substrate of
about 3 log units for coliformand about 2 log units for intestinal enterococagi(fRold &
Jahn, 2004). The investigated biogas plants reptede range of organic loading rate of 0.67
to 5.49 kg VS*(n?*d)?, a hydraulic retention time of 22 to 136 days, amddigester
temperature of 35 to 44°C. Within this range, digaint influences of these parameters on the
reduction of indicator organisms were not foundwdwaer, in comparison to single-stage
plants, a significantly higher reduction of colifiobacteria was observed in plants with two or

more digesters in series.

In a simulation study, pathogen removal during megc AD of sewage sludge could
be optimized by maximizing stabilization rates anthimizing by-pass flow (Smith et al.,
2005). A 2 log reduction in numbers Bf coli in a continuously fed anaerobic digester at
mesophilic temperature level required that the steyewas effectively mixed and by-pass

flow was minimized.

The feeding procedure had a significant influencehe microbial reductions achieved
during mesophilic (35°C) anaerobic digestion of age sludge in continuously-stirred,
cylindrical reactors (Farrell et al., 1988). DraW/bperation (withdrawing digested sludge
just before feeding) produced a much larger redactif microbial indicators than fill/draw
operation (feeding, mixing for a short time, therih@rawing). For draw/fill operation the
average log reduction at an HRT of 14 days and/dedding was 2.40 for FC, 2.29 for fecal
streptococci (enterococci), and 2.85 log unitstédal coliforms. For fill/draw operation the
corresponding figures were 1.16, 1.21, and 1.57ulits. For physical/chemical parameters
that change slowly with time such as VS reductithre effect of feeding procedure was

similar but much smaller.

The studies mentioned and numerous others havenstiaw at least one thermophilic

treatment step is needed for anaerobic digestiogegses in order to meet strict sanitary
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requirements. Scanlan et al. (2004) provide anvieer of so-called “advanced anaerobic
digestion” processes that have been designed to WEPA Class A pathogen criteria for
biosolids. These criteria are: *IIPN*g™ fecal coliforms or less and essentially no enteric
virus or helminth ova (USEPA, 1992). The most comnpoocesses appear to be so-called
temperature-phased processes with a thermophist stage and a subsequent mesophilic
stage. Other processes consist of a mesophilibemiophilic first stage and one or more
subsequent thermophilic stages. Differences ocetwden the specified temperature, feeding
mode, and hydraulic retention time of the individstages. In this context, the term “phased”
digestion is not always used correctly, as it aggpto processes where acid and methanogenic
phases occur in different reactors. Typically, tlaquires a hydraulic retention time of two
days or less in the acid stage. Except for therskstage of the “Columbus Biosolids Flow-
Through Thermophilic Treatment”, that may be a pilogv reactor, digesters are completely

mixed.

Sung and Santha (2003) used a temperature-phagemhit digestion system (TPAD)
with a thermophilic (55°C; HRT: 4 days) and a mdshp (35°C; HRT: 10 days) digester in
series to treat liquid dairy cattle manure at lahls. Fecal coliforms were reduced from a
level of between T0and 16 MPN*g* TS in the raw waste to below 1 MPN*gS in the
effluent of the thermophilic digester. No furtheatipogen destruction was observed in the

subsequent mesophilic digester.

The addition of a mesophilic acid-phase (HRT: 2gjaypstream of a thermophilic
digester (HRT: 13-15 days) improved pathogen destmu in comparison to single-stage
thermophilic digestion of sewage sludge at 50°C &4Be20 days HRT (Gray et al., 2006;
De Lebn & Jenkins, 2002). This was explained witle tombined sanitizing effects of
temperature and increased ammonia levels in thentghilic stage and high levels of VFA
at low pH (5.3-5.6) in the mesophilic stage. Rdbapathogen destruction may therefore be
achieved at thermophilic temperatures lower thatC5by using a two-phase meso/thermo
process and longer thermophilic HRT. The two-ph@eeess with a thermophilic acid phase
had a lower sanitation efficiency than the sindbge thermophilic digestion process. This
was due to the fact that the lower temperaturbemntesophilic phase resulted in lower levels

of toxic ammonia, so that sanitation was only tfieot of temperature.

2.4.4 Digestion Performance of “Advanced” Anaerobreatment Processes

The question remains how the optimization of sizhiion and sanitation performances may

be best combined. For a long time it has been rezed that beside efficient sanitation,
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thermophilic digestion has the advantages of higheaction rates and improved
dewaterability of digested sludge (Buhr & Andrew9,77). On the other hand, the authors
concluded from computer simulations that processréacan be caused by sudden changes in

temperature and that thermophilic digesters requaser control.

Varel et al. (1980) found an increased methane ymtddty during the anaerobic
digestion of beef cattle waste at temperatures @ddiC and short hydraulic retention times
(< 6 days) while the kinetic advantage of digestimgf cattle waste at 60°C compared to
50°C was small. Hashimoto (1982) showed that stalbl@erobic digestion of beef-cattle
manure at 55°C was possible at up to a 3 timesehilglading rate than at 35°C. Based on a
stress criterion of VFA levels in the digester esdiag 2 g*L'*, the maximum loading rate for
stable digestion at 55°C was about 20 kg VS*@)i*, as opposed to 7 kg VS*f)™ at
35°C.

Due to the higher methane yield and methane prodiiycdf the thermophilic process,
the overall energetic efficiency of the digestidnliquid cattle manure was higher at 60°C
than at 40°C if the digesters were operated at higbanic loading rates above
9 kg VS*(n*d)™* (Mackie & Bryant, 1995).

For co-digestion of liquid manure and industriabamic waste, no differences in
process stability could be found between mesopd&38°C) and thermophilic (51-56°C)
full-scale biogas plants (Ahring, 1994). By measgrthe initial methane production rate of
liquid manure digested at 55°C and incubated witffer¢nt substrates, the highest
methanogenic activity was found for an incubatiemperature of 60°C. However, at this
temperature level, only slight increases in temjpeearesulted in severe process imbalance.
This is due to a dramatic decrease in the growtbsraf VFA-degrading microorganisms
above 60°C, while the growth rate of hydrogen- fochate-utilizing methanogens continues
to increase up to a temperature of 70°C (Ahrin@5)9A temperature range of 52 to 56°C

was therefore proposed for the stable operatidualie§cale thermophilic biogas plants.

Thermophilic and mesophilic treatment steps inesehave been tested to combine the
advantages of both processes. Wechs (1985) obsenmdved digestion performance of
sewage sludge for two-stage treatment comparedirnglesstage mesophilic anaerobic
digestion. The highest digestion efficiency was cheal for thermophilic-mesophilic
treatment. This was attributed to the fact thatagavsludge consists of particulate fractions
with different degradability. The first stage seatvér methane production from easily

degradable compounds and partial hydrolysis oktasi fractions which were subsequently
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degraded to methane in the second stage. For liopaidure which has sufficient buffer
capacity and contains mainly particulate mattet thdard to digest, single-stage anaerobic
treatment was considered more suitable (Wechs,)1985

Compared to a mesophilic-mesophilic system, abd@i®%5more VS removal from
screened dairy manure was achieved in a two-stagerabic sequencing batch reactor
(ASBR) system with the first reactor run at 55°Gldhe second one at 35°C (Zhang et al.,
2000).

The TPAD system described above achieved a highewf®val from macerated liquid
dairy cattle manure of 41.5% and good effluentliguaat an overall loading rate of
5.82 kg VS*(nt*d)™ (Sung & Santha, 2003). A full-scale system for tfeatment of 190 fh
of liquid dairy manure per day could not be suchglys operated as a thermophilic-
mesophilic process at steady-state due to techpicddlems and unclear inhibition of the

anaerobic digestion process in the thermophilictrgKaters & Schultz, 2003).

Further improvement of the anaerobic digestioncificy of cattle manure could be
reached by applying pretreatment at 68°C beforartbphilic digestion at 55°C (Nielsen et
al., 2004). The degradation of both the fiber amalltquid fraction of the manure seemed to
be improved by the pretreatment. A two stage-poeath an HRT of 3 days at 68°C in the
first stage and 12 days at 55°C in the second stelgieved a specific methane yield that was
6 to 8% higher and a VS removal that was 9 % highecomparison to single-stage
thermophilic digestion of liquid cattle manure &°6 and 15 days HRT. Though the
pretreatment reactor accounted for about 7 to 9% total methane production of the
system, aceticlastic methanogens and syntrophisotba degrading VFA were severely
affected, reflecting the lower optimal growth temgiares of these organisms compared to

hydrogen-consuming methanogens.

Table 5 summarizes information on the sanitationl aigestion performance of
anaerobic treatment processes. Concerning thetedéstaging and phase-separation on the
sanitizing effect of anaerobic digestion, there ratech more studies for sewage sludge than

for liquid manure.
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Table 5.
for liquid manure

Influences on sanitizing effect and penfance of anaerobic digestion processes

Process

Pathogen destruction

Digestion performance

Mesophilic, single-stage,
completely mixed

Strongly depending on
minimum guaranteed RT,
hydraulics and chemical
parameters,

not sufficient for sanitation
purposes,

typically up to 2 log units
reduction for FC,

about 1 log unit reduction for
intestinal enterococci (IE)

25-50 % VS destruction
depending on substrate,
VS destruction decreases
with increasing loading rate,
max. loading rate for liquid
cattle manure:

about 7 kg VS*(m3*d)™

Mesophilic, completely mixed
digesters in series

Not sufficient for sanitation
purposes,

improved by about 1 log unit
for FC per additional stage

Improved,
overall HRT > 50 days is
usually not reasonable

Thermophilic, single-stage,
completely mixed (48 to
55C)

Depending on temperature,
hydraulics, and minimum
guaranteed RT,

24 h hold time at 55T
guarantees sufficient
sanitation with respect to
bacteria (except spore-
formers), viruses, and
parasites:

4 to 7 log units reduction for
FC; 4 log units for IE

Equal VS destruction
achieved at shorter HRT,
up to three times the
maximum loading rate

Thermophilic, completely
mixed digesters in series

Improved, avoids pathogen
bypassing

Improved VS removal

Mesophilic acid stage
upstream of thermophilic
stage

Improved, may allow for lower
temperature in the
thermophilic stage

May be improved

Thermophilic stage upstream
of mesophilic stage

Not significantly improved
compared to single-stage
thermophilic

Improved
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3 THE SCOPE OF THE THESIS

This thesis deals with the evaluation of the penmmce of a mesophilic-thermophilic-
mesophilic anaerobic treatment process with reqjpettte degradation of organic matter and
the inactivation of pathogenic and indicator orgams in liquid dairy cattle manure. The
investigations ought to contribute to the assessmiepotential treatment options for animal
wastes in order to mitigate the input of pathogeand indicator organisms from livestock

farming into the environment.

The anaerobic treatment process was investigatbdrath and full scale with the following

research objectives:

* Demonstrate continuous mesophilic-thermophilic-npbglac anaerobic digestion of
liquid dairy cattle manure and determine volatilglids degradation and biogas

production under steady-state conditions.

» Investigate the sanitizing effect of the treatmemtselected pathogenic and indicator

organisms.

* Investigate effects of a change in feeding intefk@in one to four hours with respect

to volatile solids degradation and sanitation penfance.

* Evaluate the hydraulic efficiency of the horizontabular reactor as thermophilic

stage.

» Compare the three-stage treatment to two-stagentprilic-mesophilic treatment

with respect to anaerobic digestion and sanitgtEnormance.

» Derive key technical and operational requirementaiaximize the sanitizing effect of

anaerobic treatment of liquid manure in agricultbragas plants.

Based on these research goals, the following hgsethwere defined and tested:

1. Continuous anaerobic digestion of liquid dairgttle manure in a sequence of
digesters operated at mesophilic, thermophilic, mmeophilic temperature levels is
stable in all stages and provides more efficiemveosion of the organic matter of

liquid manure into biogas, compared to a singlgestigestion process.
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2. With respect to sanitation by thermophilic aodér digestion, an upstream
mesophilic stage improves the sanitizing effect tbé treatment process and

guarantees elimination of pathogefig/ptosporidium parvum

3. Sanitation efficiency of thermophilic anaerobigestion is seriously affected even by

small temperature drops below 55°C.

4. The use of a baffled horizontal tubular reachsr thermophilic treatment stage
provides a sufficiently long retention time to sigrantly reduce levels of pathogenic
and indicator organisms in liquid manure during spentinuous operation (hourly

feeding).

5. The use of such a reactor is thus efficient @e@homical for the sanitizing treatment

of liquid manure.
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4 MATERIALSAND METHODS

As the outcomes of the research ought to be dyrempiplicable to the real case (see
Chapter 1), ailot biogas plant (pilot plant) was erected on a dairy farm typicakize for

the respective region. Based on the requirememsifsgd by the author and co-workers, the
plant was designed and built by a professionalndarand supplier of biogas plants. It was

operated by the farmer according to the speciboatigiven by the author.

A bench-scale biogas plant (model plant) was designed and constructed batileor
and co-workers at the Institute of Agricultural Hveering, Farm Buildings and
Environmental Technology. This model plant was afet simultaneously with the pilot

plant. The reasons for the investigations at bescelte were:
» the better control of process conditions than lat gcale and

» the feasibility of additional experiments with @nt pathogens, as only the fate of
naturally occurring indicator and pathogenic miecgamisms in the liquid manure
from the dairy farm could be investigated in thietpplant.

4.1 Pilot Biogas Plant

4.1.1 Experimental Farm

The pilot biogas plant was erected on a dairy farrBouthern Bavaria. The farmer stables
55 dairy cows and about 30 young cattle in a Idumesing system throughout the year. Total
area of farmed land is about 41 ha of which 36shgrassland. Animals are fed a total mixed
ration of grass silage, hey, grain, and mineral.niixe average milk yield of the cows is
6,400 kg*a" (4.15 % fat, 4.20 % protein).

4.1.2 Collection and Treatment of Liquid Manure

Liquid manure from the stable with partly slattémbf was collected in an underground canal
(ca 120 ) using automatic scrapers, and pumped into tHeatan tank of the biogas plant
(50 nT) with an immersed chopping pump in batches of betw20 and 45 fr(every five to
nine days).

From the collection tank the liquid manure was \deld to a sequence of three
anaerobic digesters by progressing cavity pumpgai@ee pumps were provided for
successive treatment steps in order to avoid migralecontamination of treated liquid

manure (Figure 3).
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Digester 1 Digester 2 Digester 3
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Figure 3. Layout of pilot-scale biogas plant

The treatment process consisted of a stirred-tagkster (Digester 1, D1; usable
volume: 50 m) supposed to activate (0o)cysts of protozoan fiasaand possibly bacterial
spores at mesophilic temperature conditions, faddwoy a horizontal tubular digester
(Digester 2, D2; steel; 12m in length, 2.4 m irardeter, usable volume: 46 mfor
hygienization at thermophilic conditions, and arsti-tank digester (Digester 3, D3; usable
volume: 150 m) for biological stabilization of the substrate. eThligested manure from

Digester 3 overflowed into a storage tank with s-tight cover (800 r}).

Liquid manure was delivered through PVC pipes (inde 110 mm) or steel pipes
(inner : 100 mm) insulated with polyurethane foam. Digeste and 3 were provided with
propeller mixers with engines lying outside, andtkd with inside heating pipes on the lower
wall section of the tanks. To restrain longitudimaiking and avoid short-circuiting during
guasi-continuous operation, the tubular digestes @quipped with a paddle agitator and three
baffles, dividing it into four compartments. Thefftes also served as bearings for the axle of

the agitator (Figure 4).
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Rockwool
thermal insulation

2438

Figure 4. Sectional drawing of Digester 2: desifbaifles and agitator paddles

There were three paddles in each of the four commasats, twisted by 150° to each
other. Heating of Digester 2 was accomplished wigating pipes inside the axle of the
paddle agitator and outside at the bottom of th& ind second compartments. Technical

specifications of the pilot biogas plant are sumeeatin Table 6.

4.1.3 Collection and Utilization of Biogas

The produced biogas was collected under a soft lomoDigester 3 and in the head-space of
the terminal storage tank. The biogas was conduitteal combined heat and power unit
(CHPU) with a pilot injection engine that drove angrator (HJS, Amtzell, Germany;
maximum electrical power output: 30 kW). The heaergy from the engine was used for
heating the digesters by means of heat exchangdhe iexhaust gas stream and the cooling
water circuit. Excess heat could be dissipatedht atmosphere by a cooling unit. The
generated electrical energy was fed into the gralprotect the engine from high hydrogen
sulfide levels in the fuel gas, small quantitiesf(about 7 L*mift) were introduced into the
head-space of the first digester with an aquariuwrpanp. The atmospheric oxygen was used

by sulfide-reducing bacteria to produce sulfur ¢atled biological desulfurization).



Materials and Methods

32

Table 6. Technical specifications of different caments of the pilot biogas plant
Component Supplier Specifications Materials
Collection tank SCHMACK  Partly underground; Concrete, wall and cover
BIOGAS AG diameter: 4 m, height: 4.5 m
Propeller mixer  SUMA Powering: 7.5 kW; Stainless steel
(collection tank) rotational speed: 1450 min™
Supply pump EISELE Centrifugal chopping pump;
for collection tank powering: 15 kW;
feed rate: ca 40 m¥*h™
Digester 1 (D1) SCHMACK  Above ground,; Concrete, wall and cover,
BIOGAS AG diameter: 4 m, height: 4.5 m insulated with Styrodur(]
(7 cm); sheet-metal
lagging on wall
Propeller mixer ~ SUMA Powering: 3 kW, Stainless steel
(Digester 1) rotational speed: 1450 min™
(specific installed power:
0.06 kW per m® net volume)
Digester 2 (D2) SCHMACK  Above ground,; Steel, insulated with
BIOGAS AG diameter: 2.4 m, length: 12 m;  glass wool (10 cm),
three baffles sheet-metal lagging
Paddle agitator = SCHMACK  Powering: 2.2 kW; rotational Steel
with longitudinal BIOGAS AG speed: ca 2 min™
axle (Digester 2) (specific installed power:
0.048 kW per m® net volume)
Digester 3 (D3)  SCHMACK  Above ground,; Concrete, wall insulated
BIOGAS AG diameter: 7 m, height: 4 m with Styrodur (7 cm),
sheet-metal lagging;
elastic soft cover (EPDM)
Propeller mixer ~ SUMA Powering: 11 kW, rotational Stainless steel
(Digester 3) speed: 540 min™
(specific installed power:
0.075 kW per m® net volume)
Supply pumps NETZSCH Progressing cavity pumps; (Stainless) steel; stator

for digesters

powering: 2.2 kW;
rotational speed: 133 min™;
feed rate: ca 14 m*h™

and sleeve: Perbunan

Terminal storage

tank

Above ground;

diameter: 16 m, height: 4 m;
propeller mixer with tractor
power-take-off drive

Concrete, sheet-metal
lagging; soft cover

4.1.4 Process Control and Data Logging

Agitating, feeding, and heating operations of thietpbiogas plant were controlled by a
programmable logic controller (Bernecker + Rain8CHMACK BIOGAS AG, Schwandorf,

Germany) which was programmed by the plant congtruQuantities of liquid manure fed
into Digesters 1 to 3 were measured with electrorafig flow meters (measuring error as

specified: £+ 0.5 %). Temperatures at two different heights he upright digesters were
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measured with thermistors placed in immersion gleeWemperatures in the thermophilic
digester were monitored with thermistors on thede®f the front wall, the three baffles, and
the back wall, respectively. Filling levels in thgesters were measured by means of pressure
sensors. Inputs and outputs of the controller werginuously logged on a PC on location via
a serial connection. Additional data on temperatwied biogas flows were recorded with a
separate data logger (logging rate:™).HThe data were transferred to the office on fiopp

disk about every other week and processed withddaft ] Excel and Microsofil Access.

Various readouts and operator's comments were dedomanually in a log on a daily
basis and then fed into the computer. Among otlega,dthis included the quantities of
electricity which were generated, fed into and wigd from the grid as well as the quantities
of heating energy supplied to the individual digest The records also served as a backup in
cases of failure of on-line data logging. Appendixgives an overview of measuring

instruments and data logging at the pilot biogaspl

4.2 Proceduresat Pilot-Scale

The pilot biogas plant was started up in late Aa@@02 by filling Digesters 1 and 2 with
liquid manure diluted with water and heating umttemperature of 40°C, respectively 55°C.
In order to avoid importation of any extrinsic pagens, the digesters were not seeded with

digest from another biogas plant.

Due to faulty design, it was at first not possitecontinually ensure a temperature of
55°C in the thermophilic reactor as the foremogtirgte for efficient hygienization. The first
one and a half years of operating the pilot plamrenthus characterized by frequent
retrofitting of the thermophilic reactor to meetstimequirement. This caused a considerable
delay for the course of the project. However, nbaotogical monitoring data from this period
of time provide an indication of the effects of ogg@nal shortcomings on the hygienization

performance of the anaerobic treatment.

When the thermophilic digester had been retrofjtted treatment performance of the
pilot biogas plant with respect to both volatileid® degradation and hygienization was
evaluated for a feeding interval of one hour andrftours. Thermophilic-mesophilic
operation of the pilot plant was accomplished hyning Digester 1 at a temperature of 20 to
25°C (lower end of mesophilic temperature rang®@utng to Schlegel, 1992) after emptying
and re-filling it with raw liquid manure. This pteeating of the liquid manure was necessary
because the radiators in Digester 2 were not abldeat up the raw manure from a

temperature around 15°C in the collection tankhi® tequired temperature of 55°C in the
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thermophilic digester. An overview of the procedui pilot scale is given in Figure 7.
Appendix 1 gives a detailed report of the plantrapeg period that was evaluated within this

thesis.

With a programmed feeding interval of one hour,dagdy amount of feed was supplied
to the digesters by the logic controller in 21 bat per day. On average, the daily load for
the evaluated time period was 5.8 af liquid manure with the result of a hydrauli¢enetion
time of 9.3 days in Digester 1, 8.4 days in Dige&teand 27.2 days in Digester 3. A feeding
cycle was started by drawing effluent from Digestento Digester 3, followed by feeding
Digester 2 with effluent from Digester 1 and suhsayly feeding Digester 1 with raw liquid
manure from the collection tank. Digesters 1 amiePe supposed to be operated in draw/fill
mode, but the programmable logic controller causethe overlap between feeding and
withdrawal. With a programmed feeding interval ohdurs, the daily amount of feed was
supplied to the digesters in 5 to 6 batches per kiathis case, the daily load was 5.7 aof
liquid manure on the average, resulting in onlghdly different mean hydraulic retention
times (Table 7).

Table 7. Mean calculated hydraulic retention tirfazsys) in the digesters of the pilot plant
during the evaluated time periods

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso
21 batches*d™ 5-6 batches*d™ 21 batches*d™
Digester 1 9.3 9.1 (9.2)
Digester 2 8.4 8.4 8.2
Digester 3 27.7 27.6 25.5
Chain 45.4 45.1 33.7

During thermophilic-mesophilic operation, the agralaily load was 5.5 fof liquid
manure, with an average hydraulic retention tim@&.@fdays in Digester 2 and 25.5 days in
Digester 3. In comparison to the entire HRT, thdrhulic retention time in the thermophilic
stage amounted to about 18 % for the three-digestam and 24 % for the two-digester

chain.

During periods of continuous operation, samplegas¥ liquid manure and digester
contents to evaluate performance and stabilityhef digestion process were taken on a
weekly basis. During transition periods, samplingswess frequent. From 0.5 to 2 liters of
raw liquid manure and digester content were takemfcocks in the delivery pipes
downstream of the pumps (collection tank and Deyssi and 2) or from cocks in the tank
wall (Digester 3 and terminal storage tank). Sangpfrom the delivery pipes and the tanks

was done shortly after feeding and agitating.
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Additionally, for each feeding interval samples digest from each of the four
compartments of Digester 2 were taken on two dgymbans of special sampling devices.
Such a device consisted of a PVC tube with a stekthat had a rubber stopper affixed to the
one end and a handle at the other end. The rubdygpes was pressed on the inlet end with a
spring. By pressing down the handle, it could beased to fill the tube with digester content.
For the purpose of sampling and in order to avagtldirge of biogas, the agitator of
Digester 2 was temporarily halted and dip pipesewestalled through special mountings on
the gas domes equipped with large ball valves. Sdmpling devices were then introduced
into the digester through the gas domes, and samydee taken from the center area of the
digester compartments. Samples for chemical analyeee transported to the lab either after
freezing them on site (during the warm seasonhaa cooler (during the cold season) and

stored in the lab at -18°C until processing.

Samples for microbiological investigations wereetakn conjunction with samples for
chemical analyses. Two different sampling strategiere applied to evaluate the fate of
pathogenic and indicator organisms in the pilotgh® plant: (i) random sampling and (ii)
tracing a specific batch of manure by samplingititgvidual compartments according to the
respective calculated hydraulic retention times b(llen et al., 2004). Samples for
microbiological analyses were transported to thewéhin 2 to 3 hours without cooling to be
processed immediately (see section 4.10).

4.3 Model-Scale Biogas Plant

A biogas plant at bench scale (model plant) wasgded as a model of the pilot plant at a
geometrical scale of approximately 1:6. The modahfpcomprised a storage tank for raw
manure and three digesters in series. The sizkeoimibdel plant was chosen so that on one
hand it would fit into a standard reefer contaiaed on the other hand the liquid manure

could be processed continuously with as little fiddal treatment as possible.

4.3.1 Assembly of Model Plant

The construction of the tubular digester (Model d&3iggr 2, MD2) was meant to be a

miniature of the pilot-scale digester at scale Wih respect to the geometries of the vessel,
the baffles, and the paddle agitator. The reactes®l was assembled from four identical tube
sections (Figure 5; DN 400, length: 500 mm, thidg & mm) with welded-on flanges (outer

[0: 560 mm, thickness: 15 mm) and front and back \yeuter(1: 560 mm, thickness:

20 mm).
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Immersion sleeve
for temperature probe

Gas collector

Cock

Figure 5. Lateral and front views of one of therftube sections of Model Digester 2

The three baffles were made of sheet steel (dute660 mm, thickness: 1.5 mm) in
which apertures were cut by laser. A smaller tuimnmef]: 150 mm, length: 250 mm,
thickness: 1.5 mm) was welded on each of the t@otions to serve as gas collector. The
covers and tube sections were connected by meabsltsfand nuts, with rubber-seals and
baffle sheets clamped in between. All parts thatewe contact with manure were made out

of V2A stainless steel.

The axle of the paddle agitator (outer 48.3 mm, thickness: 3.25 mm) had a grooved
ball bearing with slide ring seal on the withdravesmid where the drive mechanism was
mounted and a plain bearing on the input end ofrédaetor. The paddles (three in each
compartment) were clamped to the axle at an angoffset of 135°. The agitator was
powered by an electrical drive motor through a wchdiive. The rotational speed of the

agitator could be varied by means of a frequencyeder.

The tubular digester was equipped with self-adleesiectrical heater mats (thermo
Flachenheizungs-GmbH, Rohrbach, Germany), twodohdube section. Temperatures in the
four compartments were controlled separately. T dovers of the gas collectors were
manufactured from PVC (thickness: 20 mm) and fastewith bolts and nuts. The use of
PVC facilitated tapping for the installation of gaipes, immersion sleeves for temperature
probes (stainless steel; thickness 1.5 mm), andl lewonitors (first compartment only).
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Flexible, closed-cell foam mats (Armafleéx Armacell GmbH, Munster, Germany) were used

for thermal insulation of the thermophilic reactor.

The other two digesters were converted from usdl tanks. As a result of this, the
usable volumes of these reactors were smallerithveould have been required from the exact
scaling factor. The original aluminum lid of Modelgester 1 (MD1) was replaced by a top
cover manufactured from PVC (thickness: 40 mm) tinas fastened with bolts and nuts and
sealed with a rubber-seal. Heating of the digestey achieved by means of an unpressurized
water-heating system. A heating tube was instahsde the digester and connected to an
external water-quench heating with an electricasiting coil (EGOTHERMI: E.G.O.,
Oberderdingen, Germany). Heating-circuit water wasulated by means of an electrical
pump. The thermal insulation of the original miknk (18 mm PU-foam) was considered
adequate. Connecting pieces for input and withdrasfasubstrate were installed at the
bottom and at a height of about 2/3 of the norntiaid level.

The original stainless steel top cover of Modeld3igr 3 (MD3) was retrofitted with a
PVC lid (diameter: 200 mm, thickness: 20 mm) onalihgas pipes, immersion sleeves for
temperature probes, and a level monitor were ilestallhe steel top cover and the smaller
PVC lid were fastened with bolts and nuts, andexkalith foam rubber and an O-ring seal,
respectively. Apart from the fact that the existmgating coil in the bottom of the tank was
incorporated, the heating system was the same #wigase of MD1. Again, the thermal
insulation of the original milk tank (53 mm PU-foamas considered sufficient. Connecting
pieces for input and overflow of substrate weréalhsd at the bottom and at a height of about
2/3 of the normal filling level.

Model Digesters 1 and 3 were equipped with centralbunted propeller agitators
(TMR Turbo-Misch- und Rihranlagen, Taufkirchen, @any) powered by electrical drive
motors (Table 8). Slide ring seals were installecavoid leakage of biogas through shaft
bearings.

Manure was delivered through the model plant bymee# progressing cavity pumps
(ALLWEILER AG, Bottrop, Germany) powered by elecal drive motors. To allow for
variable delivery rates, pump 1 was equipped witla@justable speed belt drive while pumps
2 and 3 were actuated through frequency converidrs.conduits connecting the different
vessels were made of transparent fabric hose (idiaeneter: 40 mm). The storage tank and

the three digesters could be shut off with PVC hallves. Overflowing digest from
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Digester 3 was discharged into a sewer throughamsparent fabric hose (inner diameter:
50 mm).

The digesters were checked for possible gas leabgg®essurizing with air to about
15 mbar. The biogas from the three digesters wiected and discharged through PVC pipes
(inner diameter: 4 mm, wall thickness: 1 mm) witisgdight fittings (EM-TECHNIK GmbH,
Maxdorf, Germany). An additional gas pipe on eadester with an attached gas bag for
volumetric compensation was connected to a watgr to avoid overpressure (maximum
allowed pressure: about 6 mbar). Biogas flows fidiDl, the four collectors of MD2, and
MD3 were channeled separately and could intercharigedoe switched on the gas analyzer.
The biogas was discharged into the atmosphere ghraustainless steel pipe, at a height of

about 5 m above ground.

The three digesters as well as all the devicesyfstem control, measurements and data
logging were installed in a used reefer contairemgering the plant movable. The container
was continuously aerated by means of an electyickll’en ventilator. The tank for the raw
liquid manure (volume: ca 500 L) was placed in frohthe container and connected to the
feeding pump 1 through a hose coupling. Figuredstthe layout of the model biogas plant.

Technical data on main electrical components amnsarized in Table 8.

Storage tank Digester 1 Digester 2 Digester 3
(500 L) Total vol. 260 L Net vol. 240 L Total vol. 770 L
Net vol. 200 L Net vol. 600 L
Paddle mixer

(12 paddles)

. Propeller : Feeding Propeller
+ Feeding — agitator _ agitator
i & - - 7

sy

'

Feeding

HiTe——

NN
R

Figure 6. Layout of model-scale biogas plant
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Table 8.  Technical specifications of the main eéleat components of the model biogas
plant

Component Supplier (type) Specifications Materials

Supply pumps for ALLWEILER Delivery rate: Rotor:

digesters ANBP 12.2 1.67-10 L*min™ Stainless steel; stator
Powering: and sleeve: Perbunan
0.55 kW, 400 V, 50 Hz

Propeller mixer TMR / Self- Powering: Parts in contact with

(storage tank) construction 0.55 kW, 400 V, 50 Hz manure: Stainless
Motor speed: 1360 min™ steel (1.4571)
Output speed: 467 min™

Propeller mixer TMR FGMD Powering: Parts in contact with

(Digester 1) 0,25/145 Ex 0.25 kw, 400 V, 50 Hz manure: Stainless

Motor speed: 1500 min™
Output speed: 145 min™
Propeller diameter: 400 mm
(specific installed power:
1.25 kW per m® net volume)

steel (1.4571)

Paddle agitator
(Digester 2)

Self-construction

Powering:

0.75 kW, 400 V, 50 Hz
Rotational speed:

2-30 min™

(specific installed power:
3.13 kW per m® net volume)

Stainless steel

Propeller mixer TMR FGMD Powering: Parts in contact with
(Digester 3) 0,75/83 EX 0.75 kW, 400 V, 50 Hz manure: Stainless
Motor speed: 1500 min™ steel (1.4571)
Output speed: 83 min™
Propeller diameter: 700 mm
(specific installed power:
1.25 kW per m® net volume)
Heating mats thermo Power: 200 W, 230 V Metallic ink on PET
(Digester 2) Dimensions: 315 x 490 mm
Heating coils EGOTHERM Power: Stainless steel

(Digester 1, 3)

2x900W, 230 V

4.3.2 Process Control and Data Logging

Agitating, feeding, and heating operations of thadel biogas plant except for the heating of
Model Digesters 1 and 3 were controlled by a pnognable logic controller which was
programmed by the supplying company (AWITE Bioeme@mbH, Langenbach, Germany)
according to the specifications given by the autldirrecurring operations were controlled
on the basis of individual time intervaks.g.to feed the digesters every hour, the respective
interval for operating the pumps was set to 1 @®&00 seconds) and the duration of the

process was determined by timing the starting amshing point (between 0 and 3600 s).
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The volume of liquid manure delivered to the digestwas controlled by the
combination of feeding rate and operating timehaf pumps. For this purpose, the delivery
rates of the pumps were measured on a volumetsis.bahe disadvantage of this procedure

was its limited accuracy (approximately %).

Model Digesters 1 and 2 were equipped with levehitoos to control the filling levels.
If the filling level reached the respective minimwn maximum value, the withdrawal or
feeding pump was temporarily locked until the lewels again within the given limits. The
level of MD2 was controlled in such a way that tieactor vessel was always completely
filled.

The following measured values were logged by thetrotler on a CompactFlash
every ten minutes: Temperatures in the thermoptitester; total biogas volume produced;
filling time of the gas collection bag; methane dnydirogen sulfide contents of the biogas in
the collection bag (latest measurements). A sepatata logger was employed to record
hourly means of the temperature outside, in thengater, and in Digesters 1 and 3. All the
data were stored on a PC and transferred to theeash floppy disk or CompactFlashon a
weekly basis. Appendix 4 gives an overview of meagunstruments and data logging at the

model biogas plant.

4.4 Proceduresat Model-Scale

The model biogas plant was started up by filling teactors with contents of the respective
full-scale digesters of the pilot plant and immeelya commencing feeding with raw liquid
manure. Liquid manure was delivered from the expental farm to the feed tank of the
model biogas plant every other week. The feedHermodel plant was taken from a branch
pipe during refilling of the collection tank of th@lot plant. The liquid manure in the feed

tank was stored under ambient temperature condion stirred intermittently.

The model biogas plant was operated for a timeodesf about 6 months in 2003 and
about 7 %2 months in 2004. Throughout the year ©32@teady operation of the plant was
impaired by frequent clogging of the delivery punfgMD1 and failure of the float switches
that had initially been installed as level monitoiihese problems could be solved by
pumping the raw liquid manure for the model pldmmbtigh a macerator to cut blades of grass
and hairs to a maximum length of about 1 cm andrdptacing the float switches with

potentiometric devices.
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Due to these complications, only the data of 20@&tewused to evaluate treatment
performance of the model biogas plant. After a detepshut-down during the cold season
the model plant was re-filled and re-started atethe@ of April 2004. Repeated blockage of the
overflow of MD3 could be avoided by increasing thiameter of the pipe and installing a
branch pipe that served as a trap and could be foséldishing the overflow pipe from time

to time.

In the case of the model plant, the daily amourieefl was added to the digesters in 24
and 6 batches, according to the specified feeditgrval. During operation with a feeding
interval of one hour, the daily load varied betw@drb and 26.5 L of liquid manure, resulting
in average hydraulic retention time of 8.1 daysvib1, 9.6 days in MD2, and 23.4 days in
MD3. During the period with the longer feeding ma, the daily load varied between 28.6
and 29.1 L of liquid manure, resulting in averagdraulic retention time of 7.5 days in MD1,
8.4 days in MD2, and 20.8 days in MD3. The proporidf the hydraulic retention time in the
thermophilic stage of the model plant amountedbimua 23 % of the total HRT in the digester
chain.

After re-starting in March 2005, the model plantswaperated as a mesophilic-
thermophilic process for about three months, whiily the biogas production from MD1 was
measured. The daily load during this period wast 150f liquid manure, resulting in a
hydraulic retention time in MD1 of about 14 days Averview of the procedures at model
scale is given in Figure 7. Appendix 2 gives a itedareport of the procedures with the model

plant.

Table 9. Mean calculated hydraulic retention tirfazsys) in the digesters of the model
plant during the evaluated time periods

Operating mode Meso-thermo-meso Meso-thermo-meso  Single-stage meso
24 batches per day 6 batches per day 24 batches per day

Model Digester 1 8.1 7.5 14

Model Digester 2 9.6 8.4 -

Model Digester 3 23.4 20.8 -

Chain 41.1 36.7 -
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Pilot-plant
Startup__
1st+ 2nd charge tracing experiments (sanitation)
3rd charge tracing experiment (sanitation)
1st tracer test in D2
|2nd tracer testin D2
Meso-thermo-meso operation: 21 batches per day
Meso-thermo-meso operation: 5/6 batches per day
Thermo-meso operation
Model-plant ' | ’
Test run and technical improvement Restart
[
st tracer testin MD2 2nd tracer testin MD2
‘Meso-thermo-meso operation: feeding every hour
Meso-thermo-meso operation: feeding every 4 hours
Single-stage meso operation
1103 1103 o3 | \v/03 | o4 1104 /04 V04 | 105 1105

\Legend:
Start-up / test run
Experimental period

Figure 7. Overview of pilot and model plant operas

Samples of raw liquid manure were taken regulatemvliquid manure was delivered
to the storage tank of the model plant and infratjyen between refilling the storage tank. In
order to evaluate performance and stability ofdigestion process at model scale, every 2 to
5 days during periods of continuous operation a&s$ frequently during transition periods
samples of digester contents were taken. Approxind.5 liters of digester content were
drawn from a cock in the withdrawal pipe of Modeh&ster 2 and from cocks in the tank
walls of Model Digesters 1 and 3. Sampling from whthdrawal pipe and the tanks was done
shortly after feeding and agitating. As requiredmples for microbiological investigations

were taken in conjunction with samples for chemaadlyses.

45 Analytical Procedures

Liquid samples of raw and digested manure wereyaadl based on German Standard
Methods for the Analysis of Water, Wastewater, &lddges (Anonymous, 1981) and
analytical methods for feed analyses (VDLUFA, 1997)
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4.5.1 Dry matter

Dry matter content of liquid samples of raw andedigd manure was determined by
measuring the reduction of weight after drying mgie of about 50 g of fresh material in a

hot-air cabinet (105°C) overnight. The resultssgyecified in per cent, on basis of the mass of
the fresh material.

4 5.2 Volatile Solids

The volatile solids (VS) represent the organic titac of raw manure or digest which is lost
during combustion. The remaining ash content of maanure indicates how much grit is
collected together with the manure. VS content determined by measuring the reduction of
weight after incinerating a sample of 0.5 to 1 gdokd and ground material in a muffle
furnace (550°C). Depending on the pH of the ligsample, some VS can already get lost
during the process of drying (section 4.5.1). Tésults are specified in per cent, on basis of

the mass of total solids.

4.5.3 Chemical Oxygen Demand

Chemical oxygen demand (COD) was used for the [zlon of a mass balance (section 4.7).
COD was determined by treating a sample of drigdummgd material with a solution of
dichromate in sulfuric acid at 148°C, in the presenf a catalyst and over a period of two

hours. The results are specified as mass of ox{gjgmer mass of sample (kg).

4.5.4 Parameters Derived from Feed Analyses

Chemical analyses used for evaluating nutritivepprbes of feedstuffs may be applied to
estimate anaerobic digestibility of animal wasterdge dry matter can be divided into two
fractions, corresponding to the cellular contentsclv are essentially available for anaerobic
digestion (lipids, soluble carbohydrates, mostgirst and other water-soluble matter) and the
plant cell wall constituents (cellulose, hemicalgg and lignin) whose availability is

determined by structural features. Having passed digestive tract, feces of forage-fed

ruminants do not contain water-soluble carbohydraaeymore (Van Soest, 1967). The
content of water-soluble carbohydrates in liquidhom@ may thus be used as an indicator of

undigested forage arriving in the manure collectgstem.

Starch was determined by solubilization in hot @itlhydrochloric acid and subsequent

filtration. After precipitation and clarificatiorteps, the filtrate was analyzed in a polarimeter.



Materials and Methods 44

This analysis was based on the method describedEwgrs, DIN 10300, Blatt 1
(Arbeitsgemeinschaft Getreideforschung, 1978).

45.4.1 Neutral Detergent Fiber

The content of neutral detergent fiber was deteechiwith the amount of dry residue after
boiling a sample in a neutral detergent solutioDFNs a measure of the content of plant cell

wall constituentsi.e. hemicellulose, cellulose and lignin.

45.4.2 Acid Detergent Fiber

The content of neutral detergent fiber was deteedhins the amount of dry residue after
boiling the NDF fraction in a sulfuric acid detengesolution. Hemicellulose is thereby

hydrolyzed and its quantity is calculated from thiéerence of NDF and ADF.

45.4.3 Acid Detergent Lignin

The remainder of the ADF fraction after hydrolygigh concentrated sulfuric acid is termed
ADL. Essentially, this fraction consists of lignin.

4.5.5 Ammoniac Nitrogen

Ammonium-nitrogen (NEN) content was determined in diluted samples \@ihammonia-
sensitive electrode (Thermo Orion, Witchford, URxganic nitrogen was determined by the
Kjeldahl method (Anonymous, 1981).

The concentration of free ammonia was calculatedchfmeasured values of N

according to Gallert & Winter (1997):

NH, - N =NH, - N*10" /(ﬁ +10°"), with K, /K, =e®*73D)
K

w

or:
NH, - N = NE“_N (4.1)
(o oo +D)
K, *10"

A temperature of 38°C and 55°C for the mesophihd ghermophilic stages was used
for the calculations if the actual digester tempees did not deviate significantly from these
values. At pH = 8 and 55°C the proportion of freengonia adds up to approximately 28 %,

compared to approximately 12 % at 38°C.
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4.5.6 Elemental Analysis

Total amounts of carbon (C), nitrogen (N), and wu(S) were analyzed with a “Vario MSX
CNS” analyzer (Elementar Analysensysteme GmbH, Har@ermany). The flue gas
components from catalytic combustion of the samm@es separated by selective sorption and
guantified with a thermal conductivity detector.Nf;,and S contents were calculated from the
guantities of CQ NO,, and SQ detected in the sample.

4.5.7 Volatile Fatty Acids

Volatile fatty acids (VFA) are intermediates of theaerobic digestion process and have been
identified as a suitable indicator of process irahak, since their concentrations change
promptly after a perturbation (Ahring et al., 199%ptal VFA were determined by steam-

distillation at pH 3 and subsequent titration usphgenolphthaleine as indicator. The results

are given in mmol of acetic acid per mL of sample.

The concentrations of the individual VFA in thetiliste were determined with a gas
chromatograph (Agilent 6890N; column: HP FFAP, 25m = 0.32 mm; temperature
program: 80°C/1 min — 120°C at 20 K*mfin3 min — 220°C at 6.13 K*mih 20.13 min —
Stop).

45.8 pH Value

The pH value of the liquid samples was measureecthyr after sampling with a hand-held
meter (EUTECH Instruments, Nijkerk, Netherlandsd aagain during processing of the

samples in the laboratory.

4.5.9 Alkalinity

Alkalinity was determined by titrating a dilutednggle with 0.1 N hydrochloric acid until a

pH of 4.3 was reached.

4.5.10 Electrical Conductivity

The electrical conductivity of the liquid sampleassmeasured directly after sampling with a
hand-held meter (EUTECH Instruments).

4.5.11 Biogas Production

The nominal biogas production of thdot biogas plant was determined from daily readings
of the biogas consumption of the combined heatpmveer unit measured with a bellows-type

gas meter (Elster-Instromet GmbH, Mainz, Germarij)ese values were corrected by
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subtracting the amount of air introduced into thas gsystem for the purpose of
desulfurization. Daily normalized biogas productiavas calculated on the basis of
measurements of ambient air pressure (data froral loeteorological stations) and gas
temperature in the gas meter. To calculate remgiwiater vapor content in the biogas after
condensation in an underground passage, a meartesgierature of 8°C was assumed.
Normalized methane production was calculated frammalized biogas production and daily
measurements of the composition of the mixed bi¢gees section 1.6.2).

Biogas flows from Digesters 1 and 2 were measumdimuously with two V-Cone
Flowmeters (McCrometer, Inc., Hemet, CA, U.S.A))iethwere installed in the gas pipe
downstream of Digester 1 and 2. These meters @e@rmatthe principle of measuring the
pressure differences created by a centrally locede@ inside the gas tube. For the following
reasons it was difficult to find suitable instrunterto measure the gas flow between
individual digesters of the pilot plant: Pressuiiéedences and flow velocities were typically
very small but increased abruptly during feedingha digesters; direction of gas flow was
temporarily reversed during feeding of the digesstand the biogas had corrosive properties.
At first the flow meters appeared to operate satisfily even though the accuracy of the
measurements was limited, as the instruments awatlde calibrated on site. Whereas, with
temperatures below zero, the flow meters were ptorfeeeze and had to be bypassed lest
they blocked the gas pipe. When the measuremeatfideth the flow meters were evaluated,
they appeared implausible in comparison to theingadof the gas meter at the CHPU and

could therefore not be used.

The biogas production of all three digesters of madel plant was totaled with a
drum-type gas meter (RITTER GmbH, Bochum, Germaiiyje biogas production of the
individual digesters was determined in two ways:Mean values of the biogas flows from
individual gas collectors were calculated from thigation times as indicated by a pressure
sensor and the known volume of the gas collectiag; lfii) biogas production of Model
Digesters 1 to 3 was totaled by connecting only digester to the gas meter for a period of
two to three days; no values of the total biogasdpction were obtained during this time.
Normalized values of biogas production were catedlan the basis of measurements of gas
temperature in the gas meter and ambient air pregdata from a meteorological station in

the area adjusted for the difference in elevation).



Materials and Methods 47

4.5.12 Biogas Composition
A commercial gas analyzer (SCHMACK SSM 6000; SCHMABIOGAS AG, Schwandorf,

Germany) was used to measure the composition aiiked biogas from all three digesters
and the terminal storage tank of thidot biogas plant on a daily basis. Biogas for analysis
was withdrawn from the biogas supply pipe inside @HPU room after dehumidification
(see above). Methane and carbon dioxide in theedodliogas (dew point: 5°C) were
guantified by means of the infrared two-beam comspgon method with pressure
compensation (measuring error as specifte@: %). Hydrogen sulfide (after dilution) and
oxygen were measured with electrochemical sensneaguring errort 5 % for hydrogen

sulfide in dilution andt 0.2 % for oxygen).

The composition of the biogas in the head spacd#iseoindividual digesters of thalot
plant was measured about once a month using two autongas analyzers (AWITE
Bioenergie GmbH, Langenbach,Germany). Biogas fatysis was withdrawn directly from
the gas collectors. Measurement methods were awiloked above, except that the gas

analyzers did not have a gas cooler.

Each of the six biogas collectors of thmdel plant (Model Digester 1, Digester 2/1
to 2/4 and Digester 3) was subsequently connectedgias collection bag for biogas analysis
twice per day, for two hours. Methane and hydrogeliide contents of the biogas in the
collection bag were automatically measured with arnomatic gas analyzer (AWITE

Bioenergie GmbH). All gas analyzers were calibraiede per year.

4.6 Characteristicsof Liquid Dairy Cattle Manure

Both, the pilot and the model biogas plant were $etely with liquid manure from the
underground storage canal of the dairy cattle stabldescribed above. The manure contained
chopped straw from bedding and slight amounts k#de. Additional inflows occurred in the
forms of washing water from the milking parlor (alb@00 L per day) and some sewage from
a washroom. Despite the inflow of washing wategradual thickening of the liquid manure
in the storage canal was observed, until the nateduld hardly be pumped anymore. To
keep the mixture pumpable, about once a month ehbat thinner liquid manure was
supplied from a neighboring dairy cattle farm te thnderground storage. This manure

accounted for about 15 % of the total volume afiilignmanure processed in the pilot plant.

The mean dry matter content of 26 samples of lignéhure taken from the collection
tank of the pilot plant was 7.8 % (m/m). The DM tbke liquid manure contained about
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22 % (m/m) of ash which was mainly fine grit frohetconcrete floor of the stable, and a high
percentage of lignin. The observed differencesom@osition of liquid manure samples from
the pilot and the model plant were not signific@fdble 10 and Table 12). The low starch
content of between 0.11 and 0.44 % (m/m) of DM iiewa samples indicated that the liquid
manure did not contain significant amounts of uedigd feed which would have raised the
biogas yield.

Table 10. Chemical characteristics of samplesquiidi manure taken from the collection

tank of the pilot biogas plant during 2004 (mealuga standard deviation of up
to 26 samples)

DM % (m/m) 7.8+0.8

VS % (m/m) of DM 77.6 £3.0
VS g*kg™ 60.8 +6.4
COD g*kg™ 86.7 + 8.6
pH - 74+0.1

Total VFA mg*L™ 6844 + 530
NH,-N mg*L™ 2220 + 710
Alkalinity g CaCO5*L™ 12.1+0.5

Table 11. Composition of the dry matter of liquidmare samples taken from the collection
tank of the pilot biogas plant during 2004, % (m/m)

VS 77.6 +3.0
NH,-N 24+0.5
Norg. 24+0.1
Total P 1.0+0.3
Raw protein 150+04
Raw fat 49+0.9
Raw fiber 16.4+2.8
Cellulose 11.4+4.2
Hemicellulose 12.9+6.7
Lignin 23.9+55

Table 12. Chemical characteristics of samplesquiidi manure taken from the feed tank of
the model biogas plant during 2004 (mean valsgandard deviation of up to

18 samples)

DM % (m/m) 74+05

VS % (m/m) of DM 79.3+0.5
VS g*kg™ 59.0 + 3.8
COD g*kg™ 86.9+11.7
pH - 75+0.2

Total VFA mg*L™ 5912 + 986
NH,-N mg*L™ 2005 + 483
Alkalinity g CaCO5*L™ 11.1+1.3
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4.7 Evaluation of Treatment Performance

Due to the fact that the produced biogas was ravedtin a separate gasholder but in the
headspace of Digester 3 and the terminal storage the actual biogas flow from thplot
plant could not be metered directly. Depending on timimg-time of the engine, readings of
the daily biogas consumption of the CHPU which waetered instead varied considerably
and were thus not representative of actual fluainatof total biogas production. In order to
identify time periods of relatively steady biogasguction, moving means of the readings of
biogas consumption were calculated (Despite thesttions the term biogas production will
be used in the following sections to simplify megje The pilot biogas plant was considered
to basically run at steady state when the 8-dayimgomean of daily biogas consumption did
not vary by more than 5 % from day to day. Addiéibariteria that were taken into account

were methane content of the biogas and chemicapaosition of liquid samples.

The cumulated biogas flow from thmodel plant was recorded automatically every
10 minutes and manually whenever the plant wasedsDue to a fault in the electronics, the
automatic system had recorded larger biogas voluhss actually produced. Therefore, the

values had to be corrected by comparing them \Wwethmanually logged data.

Characteristic values describing the anaerobic stiige of liquid manure in the

experimental plants were determined as follows:
* Biogas yield with respect to the feed of liquidrglazattle manure:

Y,

BiogasFM :VBiogas/QFM ,fed

(m>*m’) (4.2)
with Vgiogas cumulated volume of biogas production*(MQewred @amount of liquid
manure fed (rf).
* Biogas yield with respect to the feed of volatitdids:
Yeiogasvs = Veiagas! Qs fed (m™*kg VS™) (4.3)
with Qs e @amount of VS fed (kg).

» Biogas productivity with respect to digester volume

\ﬁéiogas :VBiogas/( ZVFi * At) (ms*(m3*d)_l) (44)

=123

with Vg usable volume of Digester i f)p4t: evaluation period (d)
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Methane yield (with respect to the feed of liquidmare / VS):
YCH4,FM IVS = Zvn(CH4)/QFM IVS, fed (m3*m-3) / (m3*kg ODM_:L) (45)
* Organic loading rate:

OLR=Q¢/(V; * At) (kg oDM*(m’*d)™) (4.6)

Degree of VS degradation up to Digester i:

vsD, = srea =i 104 4.7)

S, fed
with Qus; amount of VS discharged from Digester f{m

» Biogas / methane yield with respect to the amo@iM®degraded:

Y' =VBiogas/ Methane/(QVS, fed QVS,S) (m3*kg ODM-:L) (48)

Theoretical (stoichiometric) biogas yield:

ACOD ()

QBiogas_ 286* fCH4

(4.9
with ACOD: amount of VS degraded (kgkna volumetric methane content in the

biogas.

4.8 Determination of The Methane Yield of Digested Manurein Batch-Tests

Digested manure from the terminal storage tank swdgected to batch tests in laboratory
digesters. Such a digester consisted of a doublleeydendrical vessel (diameter: 250 mm;
height: 750 mm) that was equipped with a centrallgunted agitator and connected to a
water heating system. Biogas production was medswith a Milligascountét (Ritter
GmbH, Bochum, Germany). The composition of the pcedubiogas that was collected in a

bag was analyzed with an automatic gas analyzerl{&MBioenergie GmbH).

About 20 L of digested manure were taken from tloeage tank on 1 June 2004 and
tested in triplicate to determine maximum and nesicbiogas and methane yield. The tests

were run without inoculation, at a digester tempaeof 38°C and over a period of 70 days.
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4.9 Investigations of Residence Time Distributions and Mixing Conditionsin Tubular
Horizontal Digestersby a Tracer Method

As stated before, in order to achieve a decoupdihghinimum retention time and feeding
interval the thermophilic digester was designedhdwrizontal tubular reactor with baffles.
Tracer studies were performed to prove this andsess the mixing conditions in the tubular

reactors.

49.1 Selection of Tracer

Lithium in the form of lithium chloride (LiCl) waghosen as tracer due to the following

reasons:
* An analytical system for determination of lithiunasvreadily available;

» Lithium has been used for tracer studies on anaekigesters of different designs
(Schomaker, 2002; Langenhoff & Stuckey, 2000) daadise has been proposed to be
included in German legislation on monitoring saation performance of biological
waste treatment plants (KTBL, 2004);

» Background concentrations of lithium in animal veastere assumed to be low; and

* With the applied concentrations and consideringtidih, harmful effects on digester

microorganisms and agricultural land were not t@xgected.

4.9.2 Tracer Injection and Sampling Procedures

Samples taken out of pilot- and model-scale Dige2eorior to injection of the tracer served
as blanks to prepare standards as described ilors&c.3. Both at model and pilot scales a
tracer test was performed for each of the two obfie feeding intervals. The tracer was
introduced into Digester 2 of thpélot plant through a cock in the feeding pipe. About 80 L of
digester content were withdrawn from this cock lesw two feedings. A known amount of
dry LiCl sufficient to achieve a theoretical inltieoncentration of around 3 mmol Li/L was
stirred into the digester content in a plastic &arfhe tracer solution was then pumped back
through the cock and thus delivered into the degedtring the next feeding operation. To
give a pulse-like injection, the volume of the gabatch was chosen smaller than the volume
of the feeding pipe (about 140 L).

In the case of thenodel plant the tracer was introduced into Digester 2 by mexres
funnel connected to a three-way ball valve in tekvery pipe from MD1 to MD2. A batch of

digest equivalent to the volume fed to the digastkrring one feeding operation was taken
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out of MD1. A known amount of dry LiCl was stirréato about two thirds of the withdrawn
digester content. During the next feeding operatientracer batch was delivered into MD2
through the funnel after shutting off the withdraywgpe of Digester 1. The remaining digest

was subsequently used to flush the funnel.

To determine the washout of the tracer, samplesigéster contents were taken
immediately downstream of the withdrawal pump of fhilot-scale Digester 2 and from a
cock in the withdrawal pipe of the model-scale Bige 2. Sampling was done every 2 to
4 hours during the first 24 h after injection oéttnacer and then once a day for a time period
of up to about three times the hydraulic retentiore of the tubular digesters. Samples were
stored at —18°C until processed collectively. Qaedr experiment was done for each feeding

interval, as summarized in Table 13.

Table 13. Summary of tracer experiments in horiddntaular digesters

Pilot plant Model plant
Approximate digester volume 45,600 L 240 L
Mass of tracer (LiCl) 6119/6320¢g 44/60¢g
Theoretical initial concentration, ¢, 22 /23 mg Li*L* 30/40 mg Li**L*
Sampling period 24/224d 15%/26 d

$ Experiment was terminated prematurely.

4.9.3 Tracer Determination

Since attempts to digest and subsequently filtigied manure samples in a reproducible
way failed, it was decided to analyze the lithivomients of the samples after drying. The dry
matter content (DM) of the liquid sample was deiesd as described in section 4.5.1, and
the dry residue was ground in a laboratory mill. aiquot of 0.5 g of ground dry residue was
then digested in a closed-vessel microwave digeststem (CEM MARSB: CEM GmbH,

Kamp-Lintfort, Germany) after addition of 10 mL @bncentrated nitric acid, using a method

developed for the digestion of plant material (805 min).

The digested liquid was passed through filter pafauband: Whatman GmbH,
Dassel, Germany) into a 50 mL graduated flask. Tiler fpaper was rinsed twice with
analytical-grade water (Millipore GmbH, SchwalbaG@grmany). Wetting agent (0.2 %) and
Cs-/Al-buffer solution (3 mmol*I* CsCl and 12 mmol** Al(NOs)s) were added, and the
sample solution was filled up to 50 mL with anaigtigrade water. In analogy, standards
were prepared from a liquid sample of digester eaintaken before injection of the tracer
substance by adding the respective amounts of al®hMm standard solution. Lithium

contents in the samples were analyzed with an ataimsorption spectrometer (ELEX 6361:



Materials and Methods 53

Eppendorf AG, Hamburg, Germany) with a propane flamgng a characteristic curve
method. The background concentration of Lithium Bmples of digester content as
determined from standard spiking was 0.58 mmdI*Che minimum retention time, MRT,

was determined as the time of sampling after imgacof the tracer when the tracer was first

detectable in the effluent.

4.9.4 Residence Time Distribution Function Analysis
The RTD functions of the horizontal tubular digesigese characterized by using the method
of moments approach. Moments of the zeroth, fast] second order were calculated from
experimentalC versug data using the following formula (Haas et al., 1997
I = Z%(Citij +Cty) forj=0,1,2 (4.10)
i=2
The mean residence timej variance, ¢, and dimensionless variance, were

computed from the experimental moments according to

2
p=1i. (4.11) o2 =12 _g2. (4.12) vzg—; (4.13)
0

2
l, |

Alternatively, a mathematical model was fitted he experimental data by minimizing

the following function (Haas et al., 1997):
ESS=Y[C(t) - Al(t;:6.V)]° (4.14)
i=1

where((t; 6, v) is the assumed RTD function aAds a scaling constant. The Gamma

model is the extension of the tanks-in-series mémtedny positive value dxi:

o) o)
F(t)=VO ve (4.15)

whererl is the Gamma functioly = 1/v. ESSwas minimized for the Gamma model by

unconstrained nonlinear optimization using MATLAB 6
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The accuracy of the above-mentioned method to ctexrae the residence time
distribution of the reactors was limited by the péing period and the detection limit of the
applied analytical method. To determine the mixinge and the proportion of dead volume
of the reactors, only the first part of the concatibn-time curve was analyzed according to
the procedure for a real stirred tank without fegdi withdrawal described by Prechtl (2005).
Because feeding continued during the tracer expmarisy the concentration-time curve was
corrected for the amounts of lithium withdrawn freéine reactor, using the following formula:

C(t ) - C(tn) — (C(tn) * (VR (to) +Vin (tn) _Vout (tn)) (416)
CO (tn) m|_i - Zn[(vout (tn) _Vout (tn—l)) * (C(tn)-;C(tn_l)]

:to

The mixing timef,, as the time required for distributing the trateoughout the whole
reactor volume was approximated as the point of tivhen the tracer concentration measured
in the outflow appeared to fluctuate by less th&.3ead volume is indicated by the tracer

concentration evening out at a valuec(if)/co greater than 1.

4.10 Accompanying Hygienic Investigations

The sanitation efficiency of the treatment process determined by the quantification of
various indicator and pathogenic microorganismsamples of raw liquid manure, digester
contents, and digest. The investigated bacteri@ded coliform and fecal coliform bacteria,
Enterococcus faeciumndE. faecalis Bacillus cereusClostridium perfringensthermophilic
campylobacters, andrersinia enterocolitica The microorganisms were quantified by
conventional cultivation methods and by quanti@atieal-time polymerase chain reaction
(qPCR) as described in Lebuhn et al. (2005; 200832

Microbial parameters were monitored in samples ftbenfollowing five compartments:
the collection tank for raw liquid manure from tti@ry cattle stable, the three digesters, and
the storage tank for digest. To evaluate the samit&fficiency of the treatment process, two
different strategies were applied. “Random samplorga monthly basis was done by taking
samples for microbiological analysis from all comipsents at the same point of time.
“Charge tracing” describes a procedure where it attmmpted to follow-up a specific batch
of raw manure. This was done by taking a sample fitee collection tank after it was refilled
with raw liquid manure, and subsequently samplivgfollowing compartments according to
the calculated mean hydraulic retention times m digesters (Lebuhn et al., 2005). In the

case of the model plant, only random sampling vipgdied.
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The fate of Cryptosporidium parvumduring the anaerobic treatment process was
investigated in experiments in the model plant. y8bsuspensions in sentinel chambers were
subjected to different treatments: 4 h mesophliand 12 h thermophilic; and 4 h mesophilic
— 12 h thermophilic — 4 h mesophilic (simulatingaiment in the reactor chain). To determine
degradation and inactivation df. parvum oocysts, qPCR as well as excystation and

infectivity tests were applied (Garcés et al., 2006
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5 PRESENTATION OF RESULTS

For the analysis of full-scale manure digestersitddt & Moser (2000) suggest to allow for
an equilibration period of three times the hydmauktention time and collect data over a
successive fourth retention time, provided thatoosiderable disturbances occur during that
period. For the investigated system this transletisan equilibration time of about four and
a half months. As described in section 4.2 and Adpel, it was not possible to operate the

pilot plant over this time period without any perturbations.

The daily load target of the pilot plant was reathreFebruary 2004 (Appendix 1). The

results presented here are based on data fromoltbeihg time intervals:

* a period of three months (1 June to 6 Septembed)20@rresponding to two
system hydraulic retention times of mesophilic-thephilic-mesophilic (meso-

thermo-meso) operation with feeding in 21 batcherday;

 a period of one and a half months (21 October tdétember 2004)
corresponding to one system hydraulic retention etimmf mesophilic-

thermophilic-mesophilic operation with feeding i¥6%atches per day; and

* a period of three weeks (23 May to 12 June 2005hefmophilic-mesophilic
(thermo-meso) operation with feeding in 21 batqbersday.

To reduce to effect on the results of several peations occurring during this time
period, double the hydraulic retention time waslea@d for operation with feeding in
21 batches (Appendix 1). Due to a power blackoutingua thunderstorm, the system
evaluation during thermo-meso operation was tertathafter less than one system hydraulic

retention time.

From June to November 2004, thmodel plant which was shut down during the cold
season was operated basically in parallel to tlo piant. The following results are based on
data from a time period of two months (5 June tAugust) with a feeding interval of one
hour and one and a half months (26 September tov@Mber) with a feeding interval of four

hours.

5.1 Digester Temperatures
Due to the large surface area, considerably higisses of heat energy occurred in the front
and rear compartments of the tubular digester cosdpto the middle section. In the front

portion of the thermophilic reactor of tipglot plant the feeding with cooler liquid from the
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upstream mesophilic stage caused a distinct drapnperature. Moreover, the rather short
immersion sleeves for the thermistors at the framd rear walls were prone to influences
from ambient temperature conditions. Thereforey dhe measurements of sensors 2 to 4
installed at the baffles were used to check whetherdesired temperature of 55°C was

maintained within the thermophilic stage of theopplant.

After installing additional heating elements andrafiting the paddle mixer in
December 2003, the temperature level in the frectien of the thermophilic reactor was
increased, while there was still a temperature igradrom sensor 2 to 4 (Table 14). As a
result of switching to less frequent feeding in 8P4, the longitudinal temperature gradient
nearly vanished or was slightly reverted. At themedime, the highest mean temperature was
now recorded at sensor 3 (in the middle of the )tanktead of sensor 4. Based on the
temperature data recorded during operation of tle¢ plant, it was obvious that the target
value of 55°C was not continually maintained thitoaugt the thermophilic reactor.

Table 14. Mean temperatures (*Cstandard deviation) measured in ambient air asidién
the thermophilic digester of the pilot plant

Month / year Ambient Sensor 1 Sensor 2 Sensor 3 Sensor 4
temperature
Sep 03 125+ 2.8 51.8+1.0 53.7+0.7 54.8 + 0.4 55.2+0.4
Oct 03° 53 516+1.1 53.7+0.6 548+ 0.5 55.0+ 0.6
Mar 043 2.6 52.2+1.0 546 +0.6 55.3+04 55.3+0.4
Apr 048 8.9+538 52.2+1.0 54.2+0.8 55.0+ 0.6 55.4+0.6
Jun 04 154+3.1 52.3+0.8 54,2 + 0.6 55.0+ 0.5 555+ 0.4
Sep 048 13.5+5.0 53.4+0.8 54.8 + 0.6 54.6 + 0.5 545+ 0.4
Oct 04 9.8+ 3.7 53.5+1.0 55.1+0.5 55.0+ 0.4 549+0.1

$ Temperature data incomplete

In the first mesophilic stage, during mesophilierthophilic-mesophilic operation
temperatures ranged between 37 and 40°C, givet-pose of 38°C. Only when the plant
was restarted in early 2004, digester temperatutepped to a minimum value of

approximately 34°C, temporarily.

In the case of Digester 3, downstream of the thphilic stage, temperatures varied
within a broader range, reaching up to 43°C in semmirtually without any additional
heating. Whereas during periods of very cold weathevinter, digester temperatures sank
down to 30°C.

The electrical heating of the thermophilimodel-scale digester with separate

temperature controls for the four compartments kispttemperature in the reactor at mean
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values of 54.7 to 54.9 C with small variations ([Eab5). The largest variation in temperature

occurred in the first compartment due to the cofded from the upstream mesophilic stage.

The temperature control in the mesophilic digestérithe model plant was satisfactory
though less accurate than in the thermophilic degegarticularly in MD1. From 28 August
to 2 September an operational fault resulted inoaarheating of MD1 to 45°C. In late
September due to electrical faults the same digdstaporarily cooled down to 25°C.
Between 5 and 14 June failure of the heating waenp caused the cooling down of MD3.

Temperature data from the aforementioned time genere not included in Table 15.

Table 15. Mean temperaturestandard deviation (°C) in the digesters of thelehplant

Feeding mode 24 batches*d™ 6 batches*d™

MD1 384+1.21 38.1+1.28
MD2/1 54.8 +0.16 54.7 +£0.36
MD2/2 54.9 +0.04 54.9+0.05
MD2/3 54.9 +0.05 54.9 +£0.06
MD2/4 54.8+£0.10 54.8 +0.09
MD3 37.3+0.32 37.9+0.54

5.2 Loading Rates of the Digesters

Because of the serial arrangement of the digestexdirst stage received an organic load that
was fairly high for a mesophilic stirred-tank reacted with liquid manure (Table 16 and
Table 17). However, the system loading rate, the organic load with respect to the total
usable volume of the three digesters, was at by faiv level of 1.4-1.6 kg VS*(rfrd) ™. The
highest system loading rate was achieved in theetngldnt during feeding every four hours
(Table 17). With a value of 3.6 kg VS*ffal)™, the loading rate of MD1 during single-
digester operation was about half of that duringekdigester operation.

Table 16. Mean organic loading rates (kg VS¥a#)™) of the digesters of the pilot plant
during the evaluated time intervals

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso
21 batches*d™ 5-6 batches*d™ 21 batches*d™
Digester 1 6.95 6.81 (6.92)
Digester 2 5.89 6.21 7.23
Digester 3 1.68 1.74 1.89
Chain 1.37 1.49 1.85°

%, neglecting the volume of Digester 1
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Table 17. Mean organic loading rates (kg VS¥d)™) of the digesters of the model plant
during the evaluated time periods

Operating mode Meso-thermo-meso Meso-thermo-meso Meso

24 batches*d™ 6 batches*d™ 6 batches*d™
Digester 1 7.32 7.81 3.64
Digester 2 5.27 5.95 -
Digester 3 1.93 2.16 -
Chain 1.43 1.60 3.64

5.3 Anaerobic Digestion Process

The stability of the anaerobic digestion process assessed by chemical analyses of liquid
samples taken from the digesters and by monitdoiogas flow and composition. Unless

otherwise stated, only the data from the evaludbex® periods as specified before are
reported.

5.3.1 Values of pH and Alkalinity in Digester Sagspl

Due to the high buffer capacity of liquid manurdaéinity and pH in digester samples are not
suitable to assess process conditions during apigedigestion. The mean pH values
measured in samples from the digesters of the pildt model plants were between 7.8 and
8.2 (Table 18) which is between the bounds of th&lrium points of the two major buffer
systems HCOs; / HCOs (pH = 6.46) and Nif / NH; (pH = 9.25).

Table 18. pH-values measured in digester samplearftnstandard deviation of 10-35

samples)

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso
21 batches*d™ 5-6 batches*d™ 21 batches*d™

Digester 1 8.0+0.2 7.8+0.1 7.4+0.1

Digester 2 8.2+0.2 81+0.1 8.1+0.1

Digester 3 8.1+0.2 8.0+£0.1 7.9+0.2

Model Digester 1 8.0+0.2 78+0.1 7.9+0.28

Model Digester 2 8.1+0.1 81+0.1 -

Model Digester 3 8.1+0.2 8.0+0.1 -

8, single-stage, mesophilic operation

In the course of the anaerobic digestion procesalteady high alkalinity of the liquid
manure increased significantly (Table 19). As aseguence of over-heating MD 1 for a short
time, alkalinity values in samples from this digesiecreased down to about 7 g CaCd,

temporarily.
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Table 19. Values of alkalinity (g CaGt ™) in digester samples (mearstandard

deviation of 3-35 samples)

Operating mode

Meso-thermo-meso
21 batches*d™

Meso-thermo-meso
5-6 batches*d™

Thermo-meso
21 batches*d™

Digester 1 148+1.4 13.6 0.8 n. d.
Digester 2 155+1.4 14.4+£0.3 13.2+£0.1
Digester 3 17.0+£1.2 154 +£0.1 13.9+£0.1
Model Digester 1 148+ 1.4 125+ 0.4 10.3+0.9°
Model Digester 2 153+1.3 129+0.3 -
Model Digester 3 16.8+ 0.7 13.8+0.2 -

n. d., not determined; 3, single-stage, mesophilic operation

5.3.2 Ammonia Levels

Levels of NH-N in digester samples ranged mostly between 266B800 mg*[*. Between
19 October and 10 November, WN concentrations in samples of raw liquid manund a
digester contents were up by 100 % and subsequettisned to normal levels (see the high
standard deviations for the period with the lonfigeding interval in Table 20 and Table 21).
The reason for this is not clear. As the sharp ins®H;-N levels was observed in samples
from both the pilot and the model plant which wenealyzed at different times, faulty
measurements can be excluded.

Table 20. NH-N-levels (mg*LY) in digester samples (mearstandard deviation of
3-35 samples)

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso

21 batches*d™ 5-6 batches*d™ 21 batches*d™
Digester 1 2106 + 216 3064 + 972 1339 + 68
Digester 2 2338 £ 197 3604 + 1196 1390 + 334
Digester 3 2712 + 246 3831 + 1294 1564 + 136
Model Digester 1 2194 + 292 2373 £ 819 1653 + 53°
Model Digester 2 2372 + 207 2106 + 621
Model Digester 3 2632 £ 214 2561 £ 1265

S, single-stage, mesophilic operation

Apart from the samples taken during the above-roaeti period of time, maximum
NHs-N-levels of approximately 1.5 and 1.0 mg*lwere calculated for samples from the

thermophilic stage of the pilot and model plant.
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Table 21. Calculated levels of N (mg*L™) in digester samples (mearstandard
deviation of 11-35 samples)

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso
21 batches*d™ 5-6 batches*d™ 21 batches*d™
Digester 1 231 +£92 275 +128 14+2
Digester 2 758 + 234 1164 + 491 464 + 35
Digester 3 362 + 167 438 + 198 123+ 34
Model Digester 1 290+ 94 161 + 102 125 + 558
Model Digester 2 822 +188 525 £ 252 -
Model Digester 3 402 + 131 208 £ 142 -

¥ single-stage, mesophilic operation

5.3.3 Total Volatile Fatty Acids

The level of volatile fatty acids (VFA) is a suitabindicator of imbalances of anaerobic
digestion processes. Based on laboratory-scaleriexgas, Varel et al. (1980) state that for
mesophilic digestion of liquid cattle manure, intidn is typically to be expected at total

VFA concentrations above 2000 mg*lacetic acid equivalents.

The rather high VFA concentrations in samples fiigesters 1 and 2 taken at the end
of April 2004 indicate that at this point of timeet anaerobic digestion process had not yet

reached steady-state (Figure 8).
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Figure 8. Total concentrations of VFA in samplesrrDigesters 1 to 3 of the pilot plant
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During February 2004, after the design feeding Inaie been re-established, VFA levels
in samples from D1 were above those in D2, withaximum value of about 3500 mg*L
While the inflow of a large volume of water dueth® burst water pipe of 28 March 2004
caused a drop in VFA levels in D1, very high coraions of up to 6000 mg*t of VFA
were found in D2 during April. Treatment performangas evaluated from the beginning of
June on, when VFA concentrations had decreaseclowb2000 mg*[* in samples from
Digester 1 and 3000 mg*Lin samples from Digester 2 (Figure 8). During fegiod with
less frequent feeding, the overall lower level &adability of the VFA concentration in D1
and D2 indicate that the process was running steftlable 22).

Table 22. Total concentrations of VFA (mg*Lin digester samples (mearstandard
deviation of 3-34 samples)

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso
21 batches*d™ 5-6 batches*d™ 21 batches*d™
Digester 1 1241 + 361 1042 £ 224 7910*
Digester 2 2207 + 527 1790 + 209 838 + 77
Digester 3 427 £ 135 429 + 73 327 +£121
Model Digester 1 1481 + 331 2446 + 546 363 + 26°
Model Digester 2 1980 £ 484 1342 + 180 -
Model Digester 3 390 £ 131 381 +£154 -

* average of two determinations; °, single-stage, mesophilic operation

During thermophilic-mesophilic operation, VFA legseh D1 operated at 20-25°C were
increased in comparison to the raw manure in thleatmn tank, indicating some hydrolytic
activity. VFA levels in the thermophilic stage werelow 1000 mg*L* and thus significantly
lower compared to mesophilic-thermophilic-mesoghitiperation (Table 22). During the
whole period of observation VFA concentrations niead in samples from Digester 3 were
below 800 mg*L*. During the first months of operation in 2004, VI els in samples from

Model Digesters 1 and 2 showed a decreasing tieigdre 9).
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Figure 9. Total concentrations of VFA in samplesirDigesters 1 to 3 of the model plant

By the end of the period with hourly feeding, thEA/concentration in MD2 ranged
between 1000 and 1500 mg*lwhich was similar to the level of VFA in MD1 andrsewhat
lower than in samples from the thermophilic digestethe pilot plant. At the end of August,
a sharp rise in VFA concentration occurred in MDfe do overheating. One day after the
temperature had been readjusted to 38°C, a valuabofit 5600 mg*L* of VFA was
measured in MD1. One and a half months later, VBAcentration had decreased to around
2500 mg*LY, and only at the end of the period of observatlihit reach the level that had
been observed before the perturbation. A slighe s VFA levels was also seen in the
downstream thermophilic digester. VFA concentraion samples from MD3 were even
below those measured in samples from the correspgmudlot-scale digester. Based on the
limited number of samples (between 2 and 8), naoifognt differences could be found
between the total VFA levels in samples from thaividual compartments of the horizontal

tubular digesters.

5.3.4 Individual Volatile Fatty Acids

A better indicator of process conditions than t@ltlevel of VFA is the concentrations of
individual acids. Ahring et al. (1995) found that ancrease in the concentrations of the
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butyric acid isomers was the most accurate indicafoa disturbed anaerobic digestion

process.

During the first half of 2004, iso-butyric and bty acid were detectable in a few
samples from Digester 1 at maximum concentratidris®and 1.0 mM and in samples from
Digester 2 at maximum concentrations of 1.5 andmM2 During thermo-meso operation,

butyric acid isomers were undetectable in samptasa the thermophilic stage.

During mesophilic-thermophilic-mesophilic operatiaso-valeric acid was measured at
a maximum concentration of 1.1 mM in samples froindhd 1.7 mM in samples from D2.
Mean values of acetate and propionate concentsati@ne 11.7 and 2.5 mM in samples from
D1 and 21.4 and 5.1 mM in samples from D2. Durimgrmo-meso operation, the respective
values in samples from D2 were 3.0 and 1.2 mM.

As a result of overheating MD1, maximum concendratiof iso-butyric and iso-valeric
acid of 2.1 and 3.0 mM were measured. In this dcdseincrease in the concentration of iso-
valeric acid was more pronounced than that of istysic acid. While the concentration of
acetic acid sank fairly quick from a maximum measutoncentration of 74 mM shortly after
MD1 had been overheated, to 25 mM ten days laher,concentration of propionic acid
showed a sharper increase and was still about 19 stdweeks after the perturbation. In
samples from the third, mesophilic stages of bagreemental biogas plants VFAs other than
acetic acid were virtually not detectable.

5.3.5 Storage of Digest

The volume of biogas metered at the CHPU of thet galant included the biogas that was
produced from the digest in the terminal storageé.tdhe biogas production in the storage
tank was dependent on the filling level and the perature of the tank. Occasional
measurements of the temperature of liquid samptas the unheated storage tank ranged
from 10°C in March 2004 to 28°C in the hot summi2@03. Withdrawal of digest for land
spreading commenced in February and ended in Sbpterfter the application of digest
had caused severe burns to the grass in summey @0farmer started to dilute the digest in
the storage tank with water, before spreading itgoassland. Since the volumes of water
added were not quantified, the values of the chainaoalyses of liquid samples of digest
could not be evaluated from June 2004 on. Oldex degre therefore included in this report
(Table 23). VFA levels in samples of digest werghleir than in liquid samples from

Digester 3, which indicated an ongoing digestioocpss in the unheated storage tank.
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Table 23. Chemical characteristics of samples géstitaken from the storage tank of the
pilot biogas plant (mea# standard deviation of 9 samples taken betweer008/2
and 04/2004)

DM

VS

COoD

pH

Total VFA
NH,-N
Alkalinity

% (m/m)
g*kg™
g*kg™
mg*L™
mg*L™

g CaCOz*L™

55+1.0
38.6 +8.0
64.7 £9.6
7.9+0.2

1094 + 367
2334 + 464

15.1+5.8

Table 24. Composition of the dry matter of digeshples taken from the storage tank of the
pilot biogas plant (mea# standard deviation of 3-8 samples from 2004),

% (m/m)

VS 68.9+3.0
NH4-N n.d.

Norg. 26+0.1
Total P 1.1+0.2
Raw protein 16.2+1.0
Raw fat 5305
Raw fiber 10.1+2.2
Cellulose 8.3+9.0
Hemicellulose n.d.

Lignin 23.7+2.3

n.d., not determined

5.3.6 Degradation of Organic Matter

For both evaluated time periods during mesophiiermnophilic-mesophilic operation, based
on the analysis of liquid samples of raw manure @igéster contents (Appendix 5), a mean
VS degradation in the pilot biogas plant of 35 %swalculated (Table 25).

Table 25. Mean values of VS degradation (%) wigpeet to raw manure in the collection

tank and proportion of individual digesters of tof& reduction in the digesters
of the pilot plant

Operating mode Meso-thermo-meso Meso-thermo-meso Thermo-meso

21 batches*d™ 5-6 batches*d™ 21 batches*d™
Digester 1 20 19 8
Digester 2 26 26 22
Digester 3 35 35 31
Proportion of D1 57 55 26
Proportion of D2 17 20 45
Proportion of D3 26 25 29

More than half of the VS reduction occurred in finst, mesophilic stage. Significant

differences between the proportions of VS reductiothe individual digesters for the two
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evaluated feeding modes were not found. Duringntl@hilic-mesophilic operation, a mean
VS degradation of 31 % was calculated, with a sbérb % in Digester 2. The ratio of VS to
COD content in samples of raw and digested liquashume ranged between 1.4 and 1.6.

Due to the addition of unknown volumes of watethi® storage tank (section 5.3.5), VS
reduction in the digest could not be determineanfrchemical analyses. However, the total
amount of COD converted into biogas was calculdtech cumulated methane production
(equation 4.9). Using the mean VS/COD-ratios, tlessnof COD degraded in the digesters

was then estimated from VS degradation.

The values of COD destruction in the thermo-mesortio digester chain and the whole
pilot plant were calculated to 35 and 49 % for hpdeeding, and 33 and 46 % for less
frequent feeding. The corresponding values duriregnho-meso operation were 32 for the
digesters and 53 % for the whole plant. For the ehqaant, the mean calculated VS
degradation was 30 % for the period with a feedivigrval of 1 h and 35 % for the period
with a feeding interval of 4 h (Table 26).

Table 26. Mean values of VS degradation (%) wigpeet to raw manure and proportion of
individual digesters of total VS reduction in thgebters of the model plant

Operating mode Meso-thermo-meso Meso-thermo-meso Meso
24 batches*d™ 6 batches*d™ 6 batches*d™
Model Digester 1 14 15 22
Model Digester 2 24 23 -
Model Digester 3 30 35 -
Proportion of MD1 a7 42 -
Proportion of MD2 30 24 -
Proportion of MD3 23 34 -

The share of the VS reduction in the first mesoplsilage of the model plant was about
20 % lower compared to the pilot plant. With theslérequent feeding, a significantly higher
VS reduction was observed in the third, mesoplsilage of the model plant. During single-
stage mesophilic treatment, average VS reductian286.

5.3.7 Conversion of Nitrogen

In the course of the anaerobic digestion procégsptoportion of ammonia-nitrogen (IHN)

in the dry matter of the liquid dairy cattle manumereased significantly. In comparison to
samples of raw liquid manure, the ratio of NN to total nitrogen in the dry matter of digest
samples was increased by 21.6 % (Table 27). THissva within the typical range for the
anaerobic digestion of liquid cattle manure (Schdl291). No significant difference was
found between the Nf-N content of samples from MD3 and digest. As organatter was
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degraded and carbon was removed with the bioga&s,CifN-ratio in the liquid manure

decreased from a mean value of 13.8 in raw malusedtin digested manure.

Table 27. Mean nitrogen contentsgtandard deviation) in samples of raw and digested
liquid manure and comparison of meaas=5 %)

Niotal NH,4-N NH4-N/Notal Changein
N H4'N/Ntotal
% (m/m) of DM % (m/m) of DM - %
Raw manure 2.39+0.08 A 2.73+0.67 A 0.55+0.04 A -
Digester 3 251+0.09 B 485+1.38 B 0.65+0.03 B +17.1
Digest 259+0.10 B 576 £2.93 B 0.67 £0.08 B +21.6

5.3.8 Biogas Composition

The measured values of methane content in the $itvgen thepilot plant ranged from 52.0
to 60.0% (v/v) during mesophilic-thermophilic-mebkdg operation and from 50.2 to
53.2 % (v/v) during thermophilic-mesophilic opecaiti The methane contents corrected for
the influx of air for biological desulfurization@b4.7 to 60.9 % (v/v) during meso-thermo-
meso operation and 53.9 to 57.3 % (v/v) during rtfteemeso operation (section 4.5.11).
When air was sucked into the biogas collection esystiue to the withdrawal of digest,

methane contents below 53 % were obsereagl, ©n 7 September, Figure 10).
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operation
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The concentration of hydrogen sulfide in the biogsst was supplied to the engine
fluctuated to a great extent. In particular, eledalevels of hydrogen sulfide were observed
during periods of cold weather. However, the gurmdelhalue of 200 ppm 5 specified by
the engine supplier was exceeded repeatedly aldo mild weather, in conjunction with

foaming in Digester 1 but also without any discklmireason in a few cases (Figure 11).
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Figure 11. Daily measured values of oxygen anddyein sulfide concentration in the
biogas supplied to the CHPU at the pilot biogastptring meso-thermo-meso
operation

As an emergency measure for protection of the endte(ll) was used to precipitate
sulfide in the digesters. No correlation was folnetween the concentrations of oxygen and
hydrogen sulfide in the biogas. The results of sweeasurements of the biogas composition

in the headspaces of the individual digesters @amnsarized in Table 28.
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Table 28. Measurements of biogas composition irhdaespaces of individual digesters
and as supplied to the engine at the pilot plaata(dfom measurements between
July and October 2004; mean valdestandard deviation)

CH4 C02 02 HZS

% (viv) % (viv) % (viv) ppm

Digester 1 (n =11) 53.8+1.1 329+35 24+04 n.d.

Digester 2/1 (n = 6) 50.3+2.1 46.4+2.3 0.9+0.3 n.d.

Digester 2/2 (n = 6) 48.8+2.8 49.7+2.0 0.8+0.2 n.d.

Digester 2/3 (n = 6) 50.5+ 2.7 47.8+2.4 1.0+£0.2 n.d.

Digester 2/4 (n = 6) 50.7 £ 1.7 472+1.4 0.9+0.2 n.d.

Digester 3* (n = 12) 55.0+1.0 37.0+0.6 1.4+0.4 n.d.
Gas pipe to engine (n = 240) 559+ 1.7 36.2+2.1 0.8+0.4 137 + 206

n.d., not determined; *, mixed biogas from digesters 1 to 3

The methane content in the biogas from the theritiopthigester was significantly
lower than in the biogas from the first mesophstage. No significant differences were
observed between the biogas composition in thedeparate headspaces of the thermophilic
digester ¢ = 5 %). The gas in the headspace of Digester 3anasture of the biogas from
the three digesters and the terminal storage ta@hk. composition of the biogas in the

headspace of the storage tank was not analyzed.

Measurements of the composition of the mixed bidgas themodel plant were not
performed. The biogas from the individual digesteas analyzed after collection in a gas bag
(section 4.5.11). To avoid false measurements dueixing of different biogas streams, only
the values measured in the second hour after smgdinom one digester to another were
evaluated. Sporadically occurring, implausible eslwere eliminated manually. From 6 to 14
August and from 22 September to 15 October, datbi@yas production and composition of

the model plant were lost due to operational faults

During the time period evaluated for this study theasured concentration of methane
in the biogas from MD1 ranged between 54.9 and 86 (v/v). Overheating of the digester
caused a drop in methane content to around 30 %utAtlen days after the perturbation, the
methane concentration had returned to values ab0We. The data from this period of time

were not included in the analysis shown in Table 29
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Table 29. Mean values, standard deviations, anderuf measurements of methane
concentration (%) in the biogas from the individdaesters of the model plant

Feeding mode MD1 MD2/1 MD2/2 MD2/3 MD2/4 MD3
24 batches*d™

Mean 60.1 43.5 42.9 44.3 447 60.0
Standard deviation 2.0 1.4 1.9 1.9 1.6 1.2
n 96 82 37 67 59 156
6 batches*d™

Mean 60.0 46.3 47.5 48.7 49.8 59.4
Standard deviation 1.7 2.0 1.7 2.3 2.2 1.5
n 129 39 19 19 16 106

The hypothesis that the mean concentration of metha the biogas from MD1 was
equal for the two different feeding modes could betejectedd = 5 %). The mean methane

content in the biogas from MD1 during single-stageration was 61.2 % (v/v).

A significant increase in the concentration of naeih in the biogas from the
thermophilic digester was observed following theertneating of the upstream mesophilic
stage. This increase was likely due to the elevbteels of volatile fatty acids, particularly
acetic acid, in the inflow (section 5.3.3). Agadlata from this period of time were excluded
from the analysis. In contrast to MD1, the hypothe&d equal mean methane concentrations
measured in the biogas from the four compartmehtsl@2 for the two different feeding
modes could be rejectedt = 5 %). The same was true for the mean values ethame

concentration in the biogas from MD3.

5.3.9 Biogas Production Rate

After reestablishing the design load in early Fabyl2004, eight-day moving means of daily
biogas consumption of the CHPU at the pilot plactéased to a level of about 136di* at
the end of March. Due to the inflow of large volsyad water (section 4.4), temporarily the
biogas production then dropped by about 15 %. At beginning of June, the biogas
production rate had reached a level of about 15@th(Figure 12).
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Figure 12. Eight-day moving means of biogas andutaled methane consumption of the
CHPU at the pilot plant

Reduced feeding due to a faulty setting of the rodlet and withdrawal of digest
resulted in a decreasing biogas production dunumg Jin the following month, a fairly steady
rate of biogas production of 140-15G%* was observed, and the maximum value was
recorded at the beginning of August. Gas productemmk again during the rest of August, as
large amounts of digest were withdrawn from theagje tank. In mid-September, when the
feeding mode had been changed, the biogas produciie had reached a level of about
110 n*d ™. As the storage tank for the digest was fillinpdas production rose steadily to
160 nt*d™* until a blocked flow meter caused discharge ofjathrough the pressure valve.
The biogas production appeared to even out aftdrNovember at about the same level as

prior to the change of the feeding interval (Figli2g.

During mesophilic-thermophilic-mesophilic operatiothe mean rate of biogas
production of the pilot plant for the two differeieeding modes was 137 and 14&d; the

mean rate of methane production was 81 and 88 mrespectively (Table 30).
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Table 30. Meanst(standard deviations) of feeding rates (D1), biagas$ methane
production rates, and methane concentration detexdrat the pilot plant

Time Feeding rate Biogas Methane Average
period production rate  production rate methane conc.
m*d™* m*d* m*d™* % (V/V)
05-12/2004 5.48 + 0.67 135+ 28 79+ 16 58.3
06-09/2004 5.47 + 0.86 137 £31 81+17 59.2
10-12/2004 5.65 £ 0.52 146 + 21 83+12 56.8
05-06/2005 5.66 + 0.21 166 + 22 90 +13 54.2

From the cumulated volumes of biogas, an averagbhane content of 59.2 and 56.8 %
(v/v) was calculated for the period with one- andrihour feeding interval. During the short
period of thermophilic-mesophilic operation, theameate of biogas and methane production
of the pilot plant was 166 and 90, resulting in an average methane content of 54.2 %
(VIv).

Figure 13 shows the cumulated, nominal volume oigas from themodel biogas
plant according to manual readings. At the beginning afyMhe model plant was restarted
with material from the pilot-scale digesters. IndaMlay the biogas production rate increased
as a result of treating the liquid manure deliveredh the pilot plant with a macerator before
feeding it to the model plant. The apparently lates of biogas production in mid-August
and mid-October 2004 are due to the fact that dutiese periods of time, the gas meter was

used to measure the biogas flow from individuakdigrs.
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Figure 13. Cumulated, nominal volume of biogas ftbenmodel plant (manual readings)

The normalized mean biogas production ratestandard deviation) of the model-scale
digesters during hourly feeding was 5833 L*d, as determined from automatically logged
readings. Because of a loss of data, the corresppmnvalue over the whole period with the
longer feeding interval could not be evaluated.

The biogas collection system with gas bag and pressensors was not suitable to
measure the average biogas production rates ohtieidual digesters continuously, since
the filling time for the gas bag was influencedfbgding and stirring operations. Individual
biogas production rates, as determined by subsdgukrecting the gas flows from the single
digesters to the gas meter for a few days, areladlaifrom the period with the 4-hour
feeding interval (Table 31). The ratio of the bisglow from Model Digesters 1 to 3 was
1:0.55:0.38 on average. A normalized total biogasipction rate of 562 L*d was calculated
from the individual biogas flows.



Results 74

Table 31. Mean biogas production ratestandard deviation), proportion of total biogas
production, and biogas productivity of the indivadidigesters of the model plant
with feeding every four hours

Biogas production rate Proportion of total rate  Biogas productivity
of biogas production

L*h* % L*(L*d)™*
MD1 121+15 51.7 1.3
MD2 6.7+0.5 28.6 0.7
MD3 46+0.8 19.7 0.2

Due to the higher methane concentration in thedsdgom the mesophilic digesters,
the proportion of total methane production of MDhdaMD3 was higher than the
corresponding values of total biogas flow, with gwdions of about 55 and 21 %. About a
quarter of the total methane production of the mdnt originated from the thermophilic
stage (Table 32).

Table 32. Mean methane production ratstandard deviation) and proportion of total

methane production rate of the individual digestérthe model plant with
feeding every four hours

Methane production Proportion of total rate Methane yield
rate of methane production
L*h™ % m*(kg VSreq) ™
MD1 7.3%£0.9 55.1 0.11
MD2 3.2x04 24.4 0.054

MD3 2705 20.5 0.050
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5.3.10 Biogas and Methane Yield from Liquid Manure

During mesophilic-thermophilic-mesophilic operatianean values of biogas and methane
yield from liquid dairy cattle manure of 0.41, resfively 0.24 n¥(kg VS)™* were determined
for the pilot biogas plant. The differences between the two feeding modese weat
significant (Table 33).

Table 33. Biogas and methane yield from liquid miarachieved in the pilot biogas plant

Operating mode Meso- Meso- Thermo-

thermo- thermo- meso

meso meso
21 batches 5-6 batches 21 batches

Biogas yield (VS fed) m>*(kg VSreq) 0.41 0.41 0.46
Biogas yield (VS degraded) ~ m**(kg VSgeq)™ 1.17 1.18 1.51
Biogas yield (COD fed) m**(kg CODyeq)™ 0.28 0.29 n. d.
Biogas yield (fresh matter) m>*m™ 25.1 25.8 29.4
Biogas productivity m**(m>*d)™* 0.56 0.59 0.85*
Methane yield (VS fed) m**(kg VSieq) " 0.24 0.24 0.24
Methane yield (VS degraded) m>*(kg VSgeq)™ 0.69 0.67 0.78
Methane yield (fresh matter) ~ m*m™ 14.9 14.6 15.2
Methane productivity m3*(m3d)™* 0.33 0.34 0.44*

n. d., not determined; *, neglecting the volume of Digester 1

Thermophilic-mesophilic treatment produced a sigaiitly higher biogas vyield of
0.46 nt*(kg VS)?, but due to the lower methane content in the ipgee same figure of
0.24 nt*(kg VS)™ was determined for the methane yield. The samgasigield with respect
to the mass of VS fed was determined forrticelel plant (Table 34).

Table 34. Biogas and methane yield from liquid mrarachieved in the model biogas plant

Operating mode Meso- Meso- Meso
thermo- thermo-
meso meso
24 batches 6 batches 6 batches
Biogas yield (VS fed) mM>*(kg VSeq) 0.41 (0.39%) 0.24
Biogas yield (VS degraded) mM>*(kg VSaegr) " 1.35 n.d. 1.09
Biogas yield (fresh matter) m*m 23.2 n.d. 12.1
Methane yield (VS fed) mM>*(kg VSiea) " n.d. (0.21%) 0.14
Biogas productivity m>*(m>d)™* 0.56 (0.54%) 0.86
Methane productivity m>*(m>d)™* n.d. (0.30°) 0.53

8 estimated from short-term measurements according to Table 31 andTable 32;
n.d., not determined

In the model plant, the biogas yield with respedthie volume of liquid manure fed was
slightly lower compared than in the pilot plant. Dto the above-mentioned loss of data,
corresponding values of biogas yield for the pendatth the 4-hour feeding interval could not

be determined. The values listed in Table 34 wstenated from short-term measurements
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according to Chapter 5.3.9. A methane vield of Orf#kg VS)* was determined for the
single-stage mesophilic process.

As continuous measurements of the composition ef ixed biogas were not
performed, values of the methane yield in the mpthatt are not available except for single-
digester operation. The value of methane produgtiaf the mesophilic-thermophilic-
mesophilic process that is stated in Table 34 vadsutated from the methane production
rates measured for the individual digesters.

5.3.11 Methane Yield from Digest in Batch-Tests

The methane yield of digest from the storage taketermined in batch-tests amounted to
0.053 n*(kg VS)* or 2.1nf per n? of digest. This corresponds to approximately
0.034 nt*(kg VS)™* with respect to the original VS content in the réguid manure, or an
additional methane yield of about 14 %.

5.3.12 Own Energy Consumption of the Pilot Plant

An analysis of energy production and own consummpta@s performed for the pilot plant
based on a whole year of operation (15 February 2005 February 2005). Operating times
of the CHPU were dependent on biogas supply amihtileenergy demand. The demand for
heating energy varied considerably between sea8mtause the CHPU was oversized with
respect to the available biogas supply, the engmgd not be run continuously at full load.
While in summer, the heating energy from biogalzation was sufficient, during the cold
season the engine had to be run on fuel oil foereded time periods to maintain the desired

digester temperatures.

Total fuel consumption of the engine (biogas aral fil) over the course of one year
was 411 MWh. The heating energy supplied to thestays of the pilot plant amounted to
143 MWh or 35 % of total energy input into the CHFRAbout 55 % of this amount was used
by the thermophilic reactor with its considerabigher specific surface area compared to the
vertical mesophilic digesters (ratio of volume toface area: Digester 1, 1.22'nDigester 2,
2.05 m*; Digester 3, 1.19 ). Digester 1 and 3 consumed about 40 % and 5 ttedfieating
energy from the CHPU.

Electrical energy production from running the pilojection engine on biogas and fuel
oil was 94 MWh. In this mode of operation, the aggr share of fuel oil consumption was
13 % based on heating value. An additional 30 M\Watdcal energy were produced from

running the engine on fuel oil only. The resultmgerall electrical utilization ratio of 30 % is
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in accordance with manufacturer’'s specificationtse pilot plant used 39 MWh of electricity

per year, resulting in a share of own electricargy consumption of 41 %.

54 Residence TimeDistribution in Tubular, Baffled Digester

From multiple analysis of the same sample from gbeond tracer experiment, a method
detection limit of 0.022 mmol*t was estimated. This value corresponds to a lithium
concentration in digested liquid manure of 0.14 ind. The calculated recovery of Li

introduced into the reactor was 98 % for the sedoexckr experiment, but less than 70 % for

the first one.

The minimum retention time was defined as the tafter injection of the tracer when
the tracer concentration first exceeded the metladelction limit. For both tracer experiments
in the pilot-scale reactor this occured after 8reo&rom this point on, the normalized tracer
concentration in the outflow of the tubular reastehowed an initial quick rise and, after
surpassing the maximum measured concentration vedkmined in an overall exponential
fashion. For the experiment during feeding in 2tches per day, the maximum concentration
was measured in the sample taken 49 hours aftstion of the tracer. The concentration of
lithium exceeded the method quantification limit @043 mmol*L* (twice the detection
limit) in samples taken from 11 hours to 322 haftsr injection of the tracer (Figure 14).
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Figure 14. Normalized concentration-time-curves&idfium tracer measured in samples
from the outflow of Digester 2 during feeding in 24d 5-6 batches per day
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For the experiment during feeding in 5-6 batchasdag, the maximum concentration
value was measured in the sample taken 48 houes affection of the tracer. The
concentration values of lithium exceeded the metiaahtification limit of 0.043 mmol*i*

in samples taken from 8 hours to 424 hours affjeciion of the tracer.

For both tracer experiments, a reasonable valutémixing time could not be derived
from the curves of the corrected normalized comegioh (Equation 4.16; Figure 15). Both
curves and particularly the one for the secondetréest show a pattern of rising and falling

concentration values for longer retention times.
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Figure 15. Corrected, normalized concentration-tcueve in the outflow of Digester 2 for
the two tracer experiments

The results from the moments and regression asabfsithe experimental data are
compiled in Table 35 and Table 36. The accuradh@fanalysis is limited by the fact that the
calculated moments are very sensitive to the cdretéon values at the tail of the washout
curve. The best fit of the Gamma-model to the erpamtal data is plotted in Figure 16 and

Figure 17.
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Table 35. Retention time distribution parametergtie horizontal tubular digester of the
pilot plant determined from the first tracer expeent (HRT = 8.5 days)

, Gamma model
Moments analysis

regression
Mean calculated retention time, 8, hours 123.03 132.85
Mean calculated retention time, days 5.13 5.54
Dimensionless variance, v 0.41 0.56

Table 36. Retention time distribution parametergtie horizontal tubular digester of the
pilot plant determined from the second tracer expent (HRT = 8.7 days)

, Gamma model
Moments analysis

regression
Mean calculated retention time, 8, hours 155.01 159.14
Mean calculated retention time, days 6.46 6.63
Dimensionless variance, v 0.47 0.59

25 . .
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Figure 16. First tracer experiment in pilot-scaaator; comparison of Gamma-model best
fit with experimental data
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Figure 17. Second tracer experiment in pilot-scadetor; comparison of Gamma-model best
fit with experimental data

The minimum retention time determined from the ¢raexperiments in the model-scale
digester was 4 and 8 hours. Because of an opeaatiailure, the filling level of the
horizontal tubular digester of the model plant wad properly controlled during the first
tracer test. Therefore, the experiment had to bmitated prematurely and could not be
further evaluated (Table 37).

Table 37. Retention time distribution parametergtie horizontal tubular digester of the
model plant determined from the second tracer exyget (HRT = 8.3 days)

Feeding mode Moments analysis Gamma model
regression
Mean calculated retention time, 8, hours 154.69 141.12
Mean calculated retention time, days 6.45 5.88
Dimensionless variance, v 0.56 0.60

5.5 Sanitation Efficiency

Results presented here concerning the reductiomdEator bacteria are from selective
cultivation of fecal coliforms (incubation time: 24 and intestinal enterococci according to
Lebuhn et al. (2003). Random sampling of phiet plant showed an average reduction of the
number of fecal coliforms in raw liquid manure bgtlween 3.7 and 4.7 log units in samples

from Digester 2 and between 3.8 and 4.7 log unitsamples from Digester 3. Compared to
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raw liquid manure, FC densities in samples fromfitst (mesophilic) stage of the pilot plant

were reduced by 0.5 to 1.8 log units (Figure 18).
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Figure 18. Average cumulated reduction of fecalfawh levels in the pilot plant for
different operating modes (random sampling)

FC densities in the raw liquid manure varied coasitlly between approximately 7+1and

10° MPN*g FM ™. As discussed by Lebuhn & Wilderer (2006), therghn have been
seasonal influences on FC levels in the raw ligmadnure. During the period with less
frequent feeding, fecal coliform reduction in theetmophilic stage seemed to be a little
lower. For all operating modes mean fecal coliféenels in Digesters 2 and 3 were less than
10 MPN*g FM* (Figure 19).
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Figure 19. Levels of fecal coliforms (MPN*g Flyimeant standard deviation) in samples
from the collection tank and the digesters of tiet plant for different operating
modes (random sampling)

According to the results from random sampling, @&si during which the temperature
in the thermophilic stage fell below 55°C, tempdyardue to operational problems did not
significantly affect fecal coliform levels in thstage, but appeared to result in a rise in the
numbers of these organisms in the terminal stotage (Figure 20).
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Figure 20. Mean levels of fecal coliforms (MPN*g EMn samples from the collection
tank, Digester 2, and the terminal storage tartk@ipilot plant for different
operating modes (random sampling)
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Figure 21. Mean levels of fecal coliforms (MPN*g EMn samples from the collection
tank, the digesters, and the storage tank of fbégant determined from tracing
experiments
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The lowest fecal coliform levels in samples frong&iter 2 were found in the first two
tracing experiments during which failures of themtned heat-and-power unit caused
interruptions of feeding and mixing operations adl\as a drop in temperature in Digester 2
(Figure 21). A maximum reduction of the numberdeaafal coliforms of 5.6 log units in the
storage tank compared to raw liquid manure wasrabdein the third tracing experiment.
Data from tracing experiments during regular mésarho-meso operation of the pilot plant
with the longer feeding interval and during thermeso operation are not available.

With a mean value of 4.3 log units in MD2 and &@ lnits in MD3, the reduction of
fecal coliforms determined from random samplingtloé model plant was similar to that
observed in the pilot plant (Figure 22). Mean fecaliform levels in MD3 seemed to be
higher for the longer feeding interval. Howeversdd on the limited amount of samples (only
three and two sampling events, respectively) sicanit differences in sanitation efficiency

between the two feeding modes could not be proven.
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Figure 22. Reduction of mean fecal coliform levalshe model plant (random sampling)

As discussed by Lebuhn et al. (2005), gPCR-measmentargeting DNA were not
suitable to determine hygienization performancéwispect to indicator bacteria. While the
results from quantification of fecal coliforms a&d coli by selective cultivation and gPCR
were in good accordance for samples of untreatqdidi manure, qPCR appeared to
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overestimate the number of viable organisms irssté@ samples from the digesters and the

storage tank.

Both for thermo-meso and for meso-thermo-meso dperawhen the thermophilic
digester ran at 55°C, levels of intestinal entecocan samples from this digester were
reduced by 2.3 to 2.7 log units on average. Dusumgroptimal temperature conditions in the
thermophilic stage, a reduction of 1.8 log unitsswabserved for the tracing experiment
(Figure 23).
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Figure 23. Mean levels of intestinal enterococdt®y FM™) in samples from the
collection tank, the digesters, and the storagle ¢dithe pilot plant for different
operating modes (random sampling and tracing)

A slight further reduction of intestinal enterocolavels seemed to occur in Digester 3.
For sub-optimal temperature conditions in the thphilic stage, the levels of these
organisms seemed to rise again in the terminahgéotank, although to a much lesser degree
than for the case of fecal coliforms. The reductdimtestinal enterococci in the model plant

was not investigated.
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Levels of Cryptosporidium parvunin samples from the different stages of the pilot
plant were close to the detection limit of the &ublgPCR method (Lebuhn & Wilderer,
2006). It was therefore not possible to evaluat ghnitation efficiency of the anaerobic
treatment process at full-scale with respect tgsagt@mrganisms. During thermophilic treatment
for 4 hours, the number of infectious oocysts wekiced by more than 5 log units. The same
effect was seen for the treatment simulating theapkilic-thermophilic-mesophilic reactor
chain (Garceés et al., 2006).
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6 DISCUSSION

The results from the pilot plant are discussedomgarison with conventional and advanced
processes for sanitation of liquid cattle manureabgerobic digestion. A separate chapter is

dedicated to the comparison of the findings att@ted model scale, respectively.

6.1 Performance of the Anaerobic Digestion Processin the Pilot Plant

In comparison to data from literature, the value¥$ degradation of between 31 and 35 %
that were determined for the mesophilic-thermophiiesophilic digester chain of the pilot

biogas plant appear rather moderate, consideriagetatively long hydraulic retention time

of 45 days and the low system loading rate of atidbrkg VS*(ni*d)™.

The mesophilic-thermophilic-mesophilic pilot plantluding the storage tank achieved
about the same VS removal as the laboratory-stt@enophilic-mesophilic system operated
by Sung & Santha (2003), however, at less thanaatguof the system loading rate. With a
VS removal of 31 % during thermophilic-mesophileoation, the digestion efficiency of the
pilot plant with respect to the hydraulic retentiime was improved, in comparison to the
three-stage process, but still clearly lower tHarespective value of about 40 % achieved in
the TPAD system at a similar loading rate of ato@tkg VS*(n*d) ™.

The observed VS removal in Digester 1 of about 2@t%@ loading rate close to
7 kg VS*(nt*d) ™ is in good accordance to the values reported bgcBq1984): In his
laboratory experiments with mesophilic digestionigfiid cattle manure, the author observed
some dependence of the digestion efficiency orldading rate, with the mean value of VS
removal decreasing from 32.2 % over 28.1 % to 22.@t a loading rate of 2.9, 4.8, and
7.2 kg VS*(ni*d) ™, respectively. For a single-stage, mesophilic-$ctile plant, a VS
removal of 29 % from liquid cattle manure at a oadrate of 5.6 kg VS*(ftd) * is reported
(Gosch, 1984). A VS reduction of 38.4 % was acldemea mesophilic, continuously-stirred
tank reactor that was operated at an HRT of 25dapsl a loading rate of
2.79 kg VS*(nt*d) ™ (Singh et al., 1985).

With a VS reduction of 6 to 7 %, the thermophiligabter of the pilot plant accounted
for only 17 to 20 % of the VS reduction observedimy mesophilic-thermophilic-mesophilic
operation. The thermophilic stage of the TPAD sys{&ung & Santha, 2003) accounted for
about 69 to 76 % of the total observed VS degradafThus, Digesters 1 and 2 of the pilot
plant together achieved about 2/3 of the VS reducin the first stage of the TPAD system
(Figure 24).
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Figure 24. Cumulated VS reduction observed in ifed and model biogas plants in
comparison to the TPAD system of Sung & Santha32@@d theoretical values

For the TPAD system, the overall value and the eshair VS reduction in the
thermophilic and mesophilic stage were almost @nistor system loading rates of up to
about 6 kg VS*(nd)™. The latter value corresponds to a loading ratéhefthermophilic
digester of 14.5 kg VS*(fid) ™. For higher loading rates, a significant decreasmethane

recovery was reported.

During thermophilic-mesophilic operation of theqgpiblant, the share of VS reduction
up to the thermophilic stage was 71 % which is caraple to that in the TPAD system.
Despite the low temperatures of 20 to 25°C, théemady occurred some digestion activity in

the first digester as indicated by VS degradation.

The comparability of the values of VS removal preed here with those reported in
literature is compromised by differences in mareoeposition. In comparison with literature
data, the lignin content of the liquid manure frdme dairy cattle on the experimental farm
was quite high (Table 38).
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Table 38. Comparison of data from Weender- and vastSanalyses of the organic dry
matter of liquid manure from various sources (mealnes; % DM (m/m))

Reference Source/ Raw Raw fat Raw Cellu- Hemi- Lignin
fodder protein fiber lose cellu-
lose

This work Dairy cattle/ 15.0 4.9 16.4 11.4 12.9 23.9

TMR grass

silage

Kaiser, Dairy cattle/ 18.4 3.2 27.4 n.a. n.a. 15.2
2005 various
Mackie & Dairy cattle/ 13.5 5.9 n.a. 28.3 18.3 10.3
Bryant, high-grain,
1995 finishing diet
Wohlt et al., Dairy cattle/ 20.0 n.a. n.a. 20.8 13.1 9.5
1990 maize and

grass silage
Varel et al., Bulls/ n.a. n.a. n.a. 17.0 19.0 6.8
1977 70 % maize,

20 % oats
Varel et al. Beef cattle/ n.a. n.a. n.a. 10.6 20.2 3.5
1980 98 % corn,
2 % soybeans

Hashimoto, Cattle/ n.a. n.a. n.a. 11.9 6.7 2.6
1983 98 %maize

n.a., not available

This was due to the high proportion of grass silage hay in the fodder, and the fact
that ground straw was used as litter in the stabte lignin fraction (and lignin-protected
material which could not be quantified) is not anhéally degradable. Assuming a mean VS
content in the liquid manure of approximately 7§®4m) of DM (Table 11), the maximum
theoretical proportion of organic dry matter thatanaerobically degradable calculates to
about 69 %. This value is within the range of 687®% stated by Gosch (1984) for the
theoretical anaerobic degradability of the orgatrie matter of liquid dairy cattle manure. A
theoretical digestion efficiency of the VS contalne the liquid manure of 51 % in the
digester chain and 71 % up to the storage tankhefpilot plant can be calculated if the
maximum observed values of 35 and 49 % VS deg@uatie related to the above-mentioned

theoretical degradability.

Unfortunately, Sung & Santha (2003) do not spethiy VS composition of the dairy
manure used for their experiments. However, thpgnteon the composition of the high-grain

finishing ration fed to the cows which consisted30f% (m/m) alfalfa silage, 20 % (m/m)
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corn silage, 15 % (m/m) corn glut, and 15 % (m/mjugd corn grain. Assuming a lignin
content of 10 % (m/m) of DM and an average VS auntd 78 % (m/m), the maximum
anaerobically degradable proportion of the dairynama used in their experiments would be
an estimated 87 % (m/m) of VS. With the maximunoréegd value of VS removal of 41.5 %,
the theoretical digestion efficiency of the TPADstgm would then be calculated to 48 %

which is about the same as the value observedridigaster chain.

The fact that another 13 to 14 % of VS degradatsnestimated from a COD balance,
occurred in the storage tank for the digest of plet plant indicates that there were
considerable amounts of anaerobically digestible|&Sin the liquid manure reaching the
storage tank (Figure 24). In this respect, the esq feeding in small quantities may have
been disadvantageous. Despite the overlap of fgedimd withdrawal in Digester 1, an
increase of the feeding interval from one to foaufs did not seem to affect overall values
and individual proportions of VS reduction. Appaignboth feeding intervals are too short
compared to the degradation kinetics of liquid leathanure which mainly contains slowly

degradable particulate matter.

The residuary methane yield of 2.2 mer t of digest from the pilot plant compares
favourably to figures of between 5.4 and 1%t that were determined for full-scale plants
digesting mainly liquid manure at HRTs below 50slgWeiland et al., 2005). The actual
amount of methane that would have been releas#uetatmosphere if the storage tank had
not been covered and connected with the biogasatmh system, cannot be derived from the

figure determined in a batch-test.

The reason for the low value of VS reduction thaisvobserved in the thermophilic
stage of the pilot (and model) biogas plant durimgsophilic-thermophilic-mesophilic
operation is not clear. The calculated free ammoareentrations in samples from Digester 2
of mostly between 500 and 900 mg*lare around the value of about 700 mg+that caused
beginning impairment of the thermophilic digestioh liquid cattle manure according to
Angelidaki & Ahring (1993). Therefore, a slight ibition of the anaerobic digestion process

in the thermophilic stage due to ammonia is neiéxefuded nor proven.

Average methane concentrations measured in thadbilogm the four compartments of
the thermophilic digester during meso-thermo-megeration were between 52.4 and
53.5 % (v/v) after correction for oxygen contenun§ & Santha (2003) report methane
contents of 59 to 61 % (v/v) in the biogas fromittieermophilic digester.
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During mesophilic-thermophilic-mesophilic operatidatal VFA concentrations in the
thermophilic stage were at a fairly high level éothermophilic process, in consideration of
the given loading rate. At a similar loading rafe6o7 kg VS*(nt*d)™?, Varel et al. (1980)
observed a level of 762 mg acetic acid equivaléntstiuring lab-scale digestion of beef
cattle manure at 55°C. During thermophilic-mesaplaperation of the pilot plant, total VFA
levels in samples from the thermophilic stage wage than 50 % lower and close to the
values observed in the latter study.

In laboratory-studies of thermophilic digestionliguid cattle manure (high-grain diet)
at a loading rate of 6 kg VS*@td)™, Mackie & Bryant (1995) found an acetate and
propionate concentration of 1.6 and 3.0 mM, respelgt Respective values in samples from
D2 were similar to these values for thermo-mesoaipmn but much higher for meso-thermo-

meso operation.

The relatively high VFA levels, the low methane woris in the biogas, and the small
amount of VS reduction observed in Digester 2 efghot plant indicate that the thermophilic
process was impaired by the upstream mesophiliatnrent. During the thermophilic-
mesophilic treatment of biowastes, thermophilicedigpn at short retention times (< 10 days)
provided high concentrations of soluble organidoarto the downstream mesophilic stage
(Christ, 1999). Mesophilic bacteria can degradeitsdel compounds more effectively than
thermophilic ones, while with a 12 % higher hydsay rate, thermophilic digestion was
found more efficient for degrading particulate raattAs the second stage in the mesophilic-
thermophilic-mesophilic reactor chain, the thermbpldigester received less particulates and
was likely inhibited by the degradation productsthe effluent of the upstream mesophilic
digester.

The third, mesophilic stage of the pilot plant proeld an effluent with very low VFA
levels. However, in samples of digest from theaertank, mean VFA levels increased again
to above 1000 mg*t. Temperatures measured in samples of digest frmmstorage tank
ranged from 10 to 28°C over the year.This illugtsathe ongoing digestion process and the

fact that the temperature sensitivity of VFA tuwveois higher than that of hydrolysis.

In contrast to the full-scale TPAD system invedtglaby Katers & Schultz (2003), the
thermophilic stage of the pilot plant appeared vstgble during thermophilic-mesophilic
operation. The loading rate of the full-scale TP&tem is not reported, and the reason for
the poor performance of its thermophilic digesteuld not be clarified. According to the

observed VFA concentrations in Digester 2, thetglant should have been able to handle
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considerably higher organic loading rates. Howewkre to the limited supply of liquid

manure it was not possible to test this.

The methane yield from liquid cattle manure of On#4per kg VS fed that was
determined in our experiments is the highest in mamson with values from different
references, however, it was achieved at the lonpggdtaulic retention time and lowest
loading rate (Table 39). The same limitations aest above for VS removal apply to the
comparability of the values of methane yield (amading rate).

Table 39. Compilation of methane yields from liqaattle manure

System, scale (reference) HRT Loading rate CH, yield
days kg VS*(m*d)* m>*(kg VSied)™
Guideline value, practice (KTBL, 2005) n.a. 3.5 0.15
37C, semi-technical (Lampel, 1984) 20 2.9 0.20
Mesophilic, full scale (Gosch, 1984) n.a. 4.1 0.17
50%C, laboratory (Elmashad et al., 2001) 20 2.1 0.20
55<C, laboratory (Angelidaki & Ahring, 1993) 15 2.8 0.19
55€C / 38C, laboratory 14 1.9 0.22
(Sung & Santha, 2003) 5.8 0.22
38T / 52-55C / 35-42<, pilot (this work) 45 3 1.4-15 0.24
20-25T / 55 / 38T, pilot (this work) 34* S 1.9 0.24
38T, semi-technical (this work) 14 3.6 0.14

* neglecting the volume of Digester 1; °, not including storage of digest; n.a., not available

The low efficiency of the mesophilic-thermophilicesophilic system with respect to
digester volume is reflected by an average metpao@uctivity of 0.33-0.34n*(m>d)™ in
comparison to a value of about m3*(m%d)™ for the TPAD system described by Sung &
Santha (2003). Wechs (1985) states that in a tagestligestion process the first stage should
be designed according to the maximum degradati@nwhich is dependent on temperature,
and the second stage should be dimensioned fommuaxistabilization. By adding another,
mesophilic stage upstream of the thermophilic stabe resulting loading rate of the
thermophilic digester of the pilot plant was lintitey the lower capacity of the mesophilic
digester. The loading rate of close to 7 kg VS*a)* in the first stage of the pilot plant
corresponds to the maximum loading with liquid leathanure that could be handled in lab-
scale digesters at 35°C (Hashimoto, 1982; Varell.et1980). Nevertheless, VFA levels in
samples from this stage did not indicate procesbaiamces during quasi-steady-state

operation.

Although identical average values of methane regowere calculated in the pilot plant
for all three operating modes, there were diffeesnisetween average biogas production rate

and methane concentration in the biogas. For mdsogtermophilic-mesophilic operation
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this could be due to differences in the handlinghef digest. While considerable amounts of
digest were repeatedly withdrawn from the storagek tfor land spreading during the
evaluated time period in summer, this was not #se¢n autumn when the plant was operated
with a longer feeding interval. During thermophilieesophilic operation, the average
methane content in the biogas was significantlyelowhich reflects the higher share of

biogas production from the thermophilic stage.

6.2 Sanitation Performance

Mean FC levels during random sampling of the thgaiila and the subsequent mesophilic
stages of both the pilot and model biogas plant®welow 10 MPN*{ in all cases. This is
far below the USEPA standard of 1000 MPN*gr Class A biosolids. Background levels of
FC found in seepage water from agricultural lantheut fertilization were between 10 and
100 MPN*g"! (WeiRR & Popp, 2004). In samples of digestate fthmstorage tank, FC levels
remained at these low levels, provided that a teatpee of close to 55°C was reached in the

thermophilic stage.

During the experiments at the pilot plant, intestienterococci proved to be a very
good indicator of sanitation performance with resge non-spore forming bacteria, viruses,
and parasites (Lebuhn & Wilderer, 2006). Duringd@n sampling of digestate from the
storage tank, the guideline value of TFU*mL™ as specified by Larsen et al. (1994), was
met only for optimal temperature conditions in thermophilic stage. This level represents a
fraction of intestinal enterococci with higher teangture resistance (Lebuhn & Wilderer,
2006).

According to theory, the sanitation performanceth@ pilot plant should have been
significantly improved due to the longer feedingemal. Assuming first order kinetics for
microbial decay, the following relationship betwdending interval and pathogen removal in
an ideal stirred tank can be derived (Carringt@®13:

C R

SRR T re (6.1)

whereC and Cy is the concentration of indicator organisms in téactor inflow and
outflow; R is the fraction of the reactor content replacedrndueach feedind? is the decimal

decay rate of the respective indicator organisrd;Tais the time interval between feeds.

The pilot plant may be treated as a sequence ddetlstirred tanks, using the

specifications as described in section 4[gy values for fecal coliforms of 1.3 days and
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0.4 hours were assumed for mesophilic and thernioggtages, respectively (see Table 3 and
4). For a feeding interval of 1 hour the model pgdns were compared with experimental
data from the pilot plant (Figure 25).

1,E+05

il Experimental data O Calculated =

1,E+04 -

1,E+03 -

1,E+02

1,E+01 -

1,E+00

Fecal coliforms [MPN*g FM*]

1,E-01 ~

1,E-02
Collection tank D1 D2 D3

Figure 25. Comparison of mean observed and ca&nlilavels of FC in the pilot plant
during meso-thermo-meso operation and a feedimgvak of 1 hour

Obviously, this very simplified model does not fihe experimental data in a
guantitative manner. It calculates a much higharal reduction of FC than observed in the

pilot plant, however, the resulting absolute FCGele\are below detectable values.

Most of the sanitizing effect is predicted to ocaurtthe thermophilic stage, while the
calculated FC removal in the first, mesophilic stag only about a quarter of the
experimental effect. The good experimental sawitaperformance of D1 was probably due
to chemical factors. It also indicates that shawdtsting did not occur in this reactor.
Concerning FC removal in the thermophilic stage, todel predicts a reduction of 5.7 log
units as opposed to 3.0 log units from experimedtah. The model assumes that all the
material entering is instantly mixed into the whdactor volume and heated to the respective
temperature. Apparently, this is not a realistisuasption for the horizontal tubular digester
of the pilot plant as discussed in Chapter 6.3.

For a feeding interval of 4 hours, the model wopitddict an even higher FC removal,

while with a value of 1.0 and 1.5, respectivelg predicted and observed FC reduction in the
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first, mesophilic stage would be in better accoogatian for the one-hour feeding interval. In
contrast to theory, the experimental data did tmws significant differences in sanitation
performance between the two feeding modes.

Gray et al. (2006) developed a model for predictif@ densitities in anaerobically
treated biosolids. From regression analysis of expntal data they derived the following

equation:

Log(FC;) = 419-0.0516TEMP-0.0924rMCRT- 0.906STAGED* 0.211Log(FC,)

(6.2)

WhereFC; = digested sludge (biosolids) FC density (MPN*§S); TEMP = highest
average digester temperature (°C) in the digesystes; TMCRT = digester sludge
thermophilic residence time (day§STAGED= 0 for a single-stage process, 1 for a two-stage
process; anéfC; = FC density in digester feed sludge (MPN*gS). The model is based on
data from experiments with single-stage and twgestdigestion of wastewater sludge with
the first stage operated at a 2-day HRT and thensestage operated at a 13- to 15-day HRT.

According to this model, with respect to FC remowaaihermophilic-mesophilic process
with a 3-day thermophilic (50°C) residence timesgpiivalent to a single-stage thermophilic
process (55°C) with a 12-day HRT. Using the mean d&€hsity of approximately
80,000 MPN*g* FM corresponding to 1.03*2PN*g™* DM in the raw liquid manure and
the specifications of the pilot planTEMP = 55°C; TMCRT = 8.4 days;STAGED= 1), the
model calculates a FC density in the effluent ajd3ier 2 of approximately 9 MPN*DM.
Although the model is used beyond its limits, §wediction is in very good accordance with
the mean value of 4.3 MPN*gFM determined during random sampling of the pillaint. If
the thermophilic-mesophilic operation of the pilptant is treated as a single-stage
thermophilic process, the model predicts a FC densi66 MPN*g' DM, as opposed to an
experimental value of approximately 7 MPN*@M. In accordance with the experimental
data, the deviation may indicate that FC reductiae to chemical factors in the upstream

digester operated at 20-25°C was not negligible.

Overall, there seemed to be some small additionalitizing effect of the third,
mesophilic stage on bacterial indicators. Usingsingple approach of sampling the individual
stages of the pilot plant subsequently, accordintipeir respective hydraulic retention times,
it was possible to evaluate the effects of openafiarregularities on the sanitation efficiency

of the treatment process. Sub-optimal temperatargral in the thermophilic stage had a
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significant effect on the sanitation efficiency tiie treatment process. Interestingly,
temperatures below 55°C in the thermophilic stagendt so much affect the level of FC in
samples from this and the subsequent mesophilesthgs, but resulted in an increasing level
of indicator organisms in the storage tank. The esdnend was observed for intestinal
enterococci, although the maximum reduction of ehesnperature-resistant indicators in the
thermophilic stage was more sensitive to tempegaflinis was likely due to the formation of
sub-lethally stressed active-but-not-cultivableMBNC) cells (Lebuhn et al., 2005). These
cells are not detected by conventional cultivatithin an incubation time of 24 hours. The
hygienic status of a covered storage tank for degesanure, particularly coliforms (Lebuhn
& Wilderer, 2006), may therefore be a good indicatb operational irregularities during

anaerobic treatment.

6.3 Hydraulic Efficiency of Horizontal Tubular Digester

According to the results of the tracer experimenit&g minimum retention time in the
horizontal tubular digester was longer than forompletely mixed tank. However, with a
value of 8 hours for the MRT during both feedingdes, the design of the baffled reactor
didn’t seem to be too effective. For operation with longer feeding interval, this means that
it took only two feeding cycles for the tracer &ach the outlet. Short-circuiting along the

bottom of the tank did not occur.

Apparently, there was an analytical problem infitet tracer experiment resulting in a
very low level of tracer recovery. The method detec limit for the lithium tracer of
0.022 mmol*L* corresponded to a normalized concentration of Dd4aboutcy/23. Beside
possible analytical inaccuracies, the relativelghhdetection limit is due to the complex
matrix. This limits the accuracy of the RTD anasyarticularly of the methods-of-moments
approach which is very much influenced by thedathe concentration-time-curve. Also, due
to the large difference in tracer recovery, the parability of the results from the two tracer

experiments is compromised.

For both tracer tests, the mean retention timesutzied from moments and regression
analyses are significantly below the calculated mégdraulic retention times in the
horizontal tubular digesters. This is an indicatadnconsiderable dead space in the reactor.
The differences between the estimated RTD paramdtem moments and regression
analyses were larger for the first tracer experimEor characterizing RTD parameters of
continuous flow systems the method of non-linegrassion is superior to the method of

moments (Haas et al., 1997). Estimates of RTD pat@rs from non-linear regression are less
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sensitive to measurement errors and data truncdfthun is illustrated by the changes in RTD
parameter estimates if the tail of the concentmatime curve could have been evaluated to
the last sample, irrespective of the method guaatibn limit. While the value of estimated

from moments analysis decreases by about 20 % secaHuhe truncated tail, the respective

estimate from regression analysis changes onlypbutal % (Table 40).

Table 40. Change in estimates@ibr the first tracer experiment in the pilot plahite to
data truncation

Moments analysis Moments analysis Gamma model Gamma model
truncated full tail truncated full tail
123.03 h 154.07 h 132.85h 134.44 h
5.13d 6.42d 5.54d 5.60

The share of dead space can thus be best estimated.-(@HRT) using the value for
@ determined from regression analysis. For the skdoacer experiment, this comes to a
value of 24 % which is remarkably bad. For thetfiracer experiment, the proportion of dead
space would even be estimated to 35 %. With thervation that the latter value is inaccurate
due to the above-mentioned insufficient tracer vecg, one would expect that mixing of the
digester content will be less effective during eorgér interval between feeding and
withdrawal. Due to the fact that the paddles ofdfggator did only reach the outer section of
the cylindrical tank, it is possible that part bétspace between the axle and the paddles was
insufficiently mixed. During feeding and withdrawahe flow velocity in the tank will be
higher at the baffles, causing preferential flovthia outer section of the tank.

The concentration-time-curves determined from tlaeer experiments with an initial
quick rise and an overall exponential decline appgacal for non-ideal mixed flow (Figure
14). The fluctuations during the decline may be ttueneasurement errors, but may also be
caused by the baffles: Tracer that initially reatlzenes of bad mixing, particularly in the

first compartment, may have been backmixed atea fagint of time.

For qualitative purposes, the Gamma model fitsetkgerimental data from both tracer
experiments quite well, overall. During the initiaise of the tracer concentration,
experimental and model data are in good accordatmaever, the model calculates a lower
peak concentration at a later point of time comgdcethe experimental results. During the
concentration decline, the actual data remain belwsv model curve until about 190 and
250 hours after tracer injection for the first as@tond tracer experiment, respectively. For
longer retention times, the actual concentratiaretcurves run above the model curve. This

may also be taken as an indicator of backmixing.
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Based on the RTD analysis performed within thiskydine horizontal tubular reactor
can be characterized as a non-ideal mixed flowesyshat is closer to a series of two stirred
tanks than to a single tank, and contains a sultst@noportion of insufficiently mixed space.
The hydraulic efficiency of the reactor seemed #oitmproved by increasing the feeding
interval. This indicates that the paddles produsemmplete radial mixing and that the
hydraulic mixing effect due to increased flow velms at the baffles during
feeding/withdrawal was rather negligible. Becaudetlee low rotational speed and the
discontinuous operation of the paddle mixer, adstesiate flow condition is not established

in this reactor.

According to the results from monitoring FC levaisthe pilot plant, the improved
hydraulic efficiency of the thermophilic stage dtge the longer feeding interval did not
likewise affect sanitation performance. In contiastheory, mean FC removal even seemed
to be a little lower for less frequent feeding/withwal. The reasons for this could not be
elucidated. Also, the differences in hydraulicswestn the two feeding modes did not have a
significant effect on VS removal in the thermophstage.

6.4 Energy Efficiency of the Pilot Biogas Plant

Typically, biogas plants in agriculture consume sidarably less than 10 % of their
electricity output. At most biogas plants in Germaall of the electrical energy output is
sold, and the electricity required for running fHant is supplied from the grid. This is due to

the legally guaranteed prices for electricity froragas and other renewable energy sources.

The high proportion of own electricity consumptiohthe pilot biogas plant resulted
mainly from the relatively low energy yield frongliid manure and the high effort for mixing
the three digesters. The agitator in Digester 1 eygsated for about half of the time to avoid
overheating of the digester content around theimgpabils. Foaming occurred in this digester
during failures of the agitator.

Theoretically, all of the heating energy for thgetiters could have been supplied from
running the CHPU on biogas. In practice, the hga¢inergy from biogas utilization was not
sufficient to maintain the desired digester tempges during the cold season. The reasons
for this were insufficient insulation and efficignof the heat exchangers, particularly of
Digester 2, and the fact that the CHPU could omyrin on biogas at full load for overall
64 % of the time. Additional heating energy had&osupplied by running the CHPU on fuel

oil which is costly and increases greenhouse gass&ms.
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Possible measures to improve the energy efficieoicyhe treatment process are:
Improving digester insulation and heat exchanggraciy; recovering the heat from the
outflow and using it for pre-heating the inflow tife thermophilic stage; minimizing the
effort for agitation of the digesters; employinghah-efficiency burner instead of or in

addition to an engine to utilize the biogas.

6.5 Comparison between Pilot and Model Scales

At model-scale, the overall VS degradation andstiere of VS degradation in the individual
digesters appeared to be somewhat influenced byetaing mode. The overall lower VS
reduction observed in the model plant during moegdent feeding may be attributed to
short-circuit flow in MD3 which was equipped with averflow pipe (Table 26). The higher
share of VS reduction in the thermophilic stagehef model plant is in accordance with its

higher proportion of the total HRT in the digestbain compared to the pilot plant.

VFA levels in the mesophilic and thermophilic ditggs of the model plant were a little
bit higher and lower, respectively, compared toghet plant which is in agreement with the
respective loading rates. The overheating of MDfinduoperation of the model plant with
feeding in 6 batches per day caused a severe gracgsirbance in this digester. This was
indicated by a fivefold total VFA concentrationcreased levels of propionic, butyric, and
iso-valeric acids as well as by a reduced biogaslymtion rate and quality. However, after

readjusting the temperature, the process recoweitbdut a reduction of the feeding rate.

Unfortunately, a direct comparison between the arathyields from liquid dairy cattle
manure in the pilot and model biogas plants wagnesible. Concerning VS destruction, the
model plant achieved the same performance as libieptant, despite the significantly shorter
hydraulic retention time of 37 days compared tald$s. The degradability of the particulate
matter might have been increased by maceratingiqoed manure for the model plant.
Because it was not cooled, some VS degradatiomdlreccurred in the feed tank of the
model plant. However, this was already accountedifothe mass balance calculations.
Chemical analyses of samples taken during the veaiason between the points of time when

the feed tank was refilled showed that this was tean 1 % of VS per day on the average.

Compared to the thermophilic stage of the pilonpléhe temperature control in Model
Digester 2 was much more accurate, and the temyperakong the reactor was fairly uniform.
At the same time, the mean level of FC in sampla® fthe feed tank was about 1/5 of that in
samples from the collection tank of the pilot pladévertheless, FC levels in treated manure

from the model plant were similar to those from thiéot plant. Therefore, the time-
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temperature-regime in the pilot- and model-scakrniophilic digesters appeared equally

efficient with respect to FC removal.

The comparison between the estimated RTD paramietetee model- and pilot-scale
tubular digester during less frequent feeding iatis a lower hydraulic efficiency of the

thermophilic stage at model scale (Table 41).

Table 41. Comparison of RTD parameters in model-m@lot-scale tubular digesters during
less frequent feeding estimated from Gamma-mods|fiie

Model-scale Pilot-scale
Hydraulic retention time, HRT, days 8.3 8.7
Mean calculated retention time, & hours 141.12 159.14
Mean calculated retention time, days 5.88 6.63
Dimensionless variance, v 0.60 0.59

The estimated proportion of dead space is 29 %h®model-scale digester compared
to 24 % for the pilot-scale digester. ReasonsHis;, beside the influence of scale, may be that
in the model-scale digester the agitator was oaty hralf of the time, and that feeding and

withdrawal occurred simultaneously.

6.6 Scenariofor a Real-Case Application

An economical projection for a central biogas plargating the liquid manure from
550 livestock units of cattle was made. Based enfitdings of this work, a thermophilic-
mesophilic process consisting of two stirred-tae&ctors in series was assumed. A CHPU
with 80 kW electrical power output would be reqdite utilize the yearly biogas production
of 267,300 M, assuming an average methane content of 56.5 %). (Details of the
economical projection for this plant can be foumdLiL (2006). The calculated treatment cost
amount to 74 EUR per livestock unit or 3.69 EUR mpéiof liquid manure, including the cost
for transport of liquid manure to the biogas plant land spreading of the digest. If these
costs were to be transferred to a drinking wat@pbuof 5.2 million nt per year, the water
price would have to be raised by 0.78 EUR-ceninpeor 0.85 %.
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7 CONCLUSIONSAND OUTLOOK

A mesophilic-thermophilic-mesophilic anaerobic treant process for liquid dairy cattle
manure was operated at pilot-scale on an experah&rm for a period of about two years.
Parallel experiments were run in a bench-scalet gaer about half a year, using the liquid
manure from the experimental farm subjected to sawditional physical treatment. The

evaluation of the anaerobic digestion process wasmpanied by hygienic investigations.

The methane vyield of 0.24%kg VSiq)™* that was achieved in the pilot biogas plant
from liquid dairy cattle manure with a large projpam of lignin was the highest in
comparison with literature data. The system loadatg and methane productivity of the pilot
plant during mesophilic-thermophilic-mesophilic oggon were limited by the first stage.
Also, there were indications that the thermophdigestion process was impaired by the
upstream mesophilic stage. Based on these findimgsyo-stage, thermophilic-mesophilic
treatment process with a ratio of thermophilic teswphilic HRT of about 1:3 is considered

more efficient.

The mesophilic stage downstream of the thermophktlige provided an effluent with
low VFA concentrations. In a staged process, dsangathe temperature toward the storage
tank improves the quality of the digested liquid nmm@ with respect to VFA levels.
Particularly in the case of the treatment of ligménure from dairy cattle fed a high-fiber
diet, the terminal storage tank should be covetedapture methane that is produced from

residual digestion activity.

The reduction in numbers of bacterial indicatorsitthvas observed in the first,
mesophilic stage was considerable but not sufficiensanitation purposes. The sanitation
performance of the pilot plant was clearly detemdirby the thermophilic stage. The pilot
plant was able to reduce fecal coliform levelshia liquid dairy cattle manure to mean values
below 10 MPN*g FM' for all operating modes tested. In experimentsmaidel scale,
improved inactivation ofCryptosporidiumoocysts in the thermophilic stage due to the
upstream mesophilic treatment could not be provdms, there is no need for the first,

mesophilic stage from the point of view of sanaatefficiency.

Temporary fluctuations of temperature in the thgvhlic stage between 48, at lowest,
and 55°C did not seriously affect the reductiorbaéterial indicators. However, maintaining
a temperature of 55°C appears critical to achidfieient sanitation during thermophilic
anaerobic treatment and at the same time avoiskanilevels of indicator organisms during

storage of the digested liquid manure. The levédlbarterial indicator organisms in the
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terminal storage tank should be monitored, andstbeage tank should be covered to avoid

extrinsic microbial contamination.

The horizontal, tubular digester increased the mimh guaranteed retention time in
comparison to a continuously-stirred tank reactoalfactor of 8 and 2 for a feeding interval
of 1 and 4 hours, respectively. Given the expendasagn of this reactor, these values reflect
a poor hydraulic efficiency. Additionally, the réachad a high demand for heating energy.
Since more frequent feeding of the digesters withid dairy cattle manure did not result in
better digestion performance, the costly horizotibllar digester might as well be replaced
by a vertical stirred tank, operated in draw-filbde. To ensure efficient sanitation, the

feeding interval should be 8 hours.

Based on these findings, the following statememis lbe made with respect to the

research hypotheses:

1. Not confirmed: The thermophilic process appeaodoe impaired by the upstream
mesophilic stage. The first, mesophilic stage kaithe system loading rate and
methane productivity. A two-stage, thermophilic-m@silic treatment process was

tested and appeared to be more efficient.

2. Not confirmed: Reduction of bacterial indicatorand elimination of

Cryptosporidium parvunwas clearly determined by the thermophilic stage.

3. Partially confirmed: Maintaining a treatment marature of 55°C was critical to
avoid a rise in levels of indicator organisms dgrstorage of the digested liquid

manure.

4. Confirmed: A minimum guaranteed retention timehe horizontal tubular reactor
of 8 hours was determined in a tracer test bottaffaeding interval of 1 hour and

4 hours.

5. Not confirmed: The given tubular reactor exhatia low hydraulic and energetic
efficiency. For treating liquid manure, a continsbstirred tank reactor operated
in draw-fill-mode with a feeding interval of 8 hauris a more economical

alternative.

For the operation of a biogas plant for the sanigztreatment of liquid manure,
maintaining the required treatment temperaturepn@sity over electrical power generation.
To improve energy efficiency of the treatment pss;ethe influent should be pre-heated
using heat that is recovered from the effluenth&f thermophilic stage. Liquid manure that
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has not been sufficiently sanitized due to openatiarregularities must not be discharged into
the terminal storage tank. Any recontaminationigesdted liquid manure with material from

upstream treatment stages must be excluded.

Despite the efforts for transport of liquid manamed digest, a central treatment plant
would enable a local water supplier to managehallanimal waste streams produced within a
water protection area. Moreover, anaerobic digestibanimal waste cannot only contribute
to prevent drinking water contamination in sensitareas, but also to reduce pathogen input
into the environment in general. Still, if animalaste that has undergone a sanitizing
treatment was to be applied to agricultural landemsitive areas, the hydrogeological site

conditions would have to be such that short-cinegito the aquifer could be ruled out.

Further studies would be required to derive keyigieparameters for the proposed
thermophilic-mesophilic anaerobic treatment procéégsre than double the loading rate in
comparison to the value of about 6 kg VS*)™ tested in this work may be possible in the
thermophilic stage. It remains to be investigatdeetiver the hydraulic retention time in the
digesters could be significantly reduced withousing too much methane yield. These
parameters could be determined at a semi-techsozdé that allows the use of the original

liquid manure with as little pre-treatment as pbissi

A temperature-staged process could also increaseffitiency of biogas production
from energy crops. Co-digestion of animal waste anergy crops / renewable raw materials
(RRM) could improve the economics of the sanitiziregatment by generating more electrical
power. In this case, the different characteristitiquid manure and RRM have to be taken
into account. A revised horizontal digester asrtimhilic stage would then be more efficient
due to the higher DM contents of RRM. With a CSTie, longer feeding interval required for
efficient sanitation is disadvantageous with respet¢he degradation kinetics of whole crop
silages of energy crops (such as maize and diffegesins) with considerable shares of
readily degradable starch. Thermophilic anaerolgestion also has an inactivating effect on

specific plant pathogens that may be containedRVIR

To go one step further, it would be desirable &eas sanitation by anaerobic digestion
as an option for the management of liquid manumndua real-case study in the respective
water protection area. To minimize the input ofhpagenic and indicator microorganisms into
the soll, the sanitizing treatment of all the ldjunanure that is to be spread in sensitive areas
should be combined with other measures, such agreamng the amount of digested manure

that can be applied to a specific area and usiiiglde technology for land application.
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8 ABSTRACT

A three-stage, mesophilic-thermophilic-mesophilina@robic digestion process for the
sanitizing treatment of liquid dairy cattle manwas tested at pilot and semi-technical scale.
The aim of the treatment was to provide efficieahitation of bacterial indicators and

protozoan parasites and, at the same time, achibigh methane yield from liquid manure.

A pilot biogas plant for the treatment of liquid mae from about 100 livestock units of
dairy cattle (about 20003per year) was erected on a farm in Southern Bavérhe
treatment process consisted of a stirred-tank thgdsisable volume: 500 supposed to
activate (oo)cysts of protozoan parasites at mesopdémperature conditions (around 38°C),
followed by a horizontal tubular digester (usablelume: 46 mj) for hygienization at
thermophilic conditions (55°C), and a stirred-tadigester (usable volume: 150)mfor
biological stabilization of the substrate. The l@sgaptured from the three digesters and the
covered terminal storage tank (808)rwas utilized with a pilot-injection engine to geate

electricity and produce heating energy for the sliges.

More than half of the VS degradation in the digestkain occurred in the first,
mesophilic stage, and the digestion process wadestiespite the high loading rate of about
7 kg VS*(nt*d)™?, given mesophilic temperature conditions. As iatkd by relatively high
VFA levels, low methane contents in the biogas, argmall amount of VS reduction, the
second, thermophilic stage appeared to be impaiyatie upstream mesophilic process. The
third, mesophilic stage of the pilot plant produced effluent with very low VFA levels,
which were increased again in the terminal storegdk due to some ongoing digestion

activity.

A methane yield of 0.24 t(kg VSieq)™ from liquid dairy cattle manure (mean dry
matter content: 7.8 %) was achieved during mesmgthiermophilic-mesophilic operation of
the pilot biogas plant, at a hydraulic retentiondiof 45 days in the digester chain. Changing
the feeding interval from one to four hours did affect the methane yield. Given the high
lignin content of the liquid manure from dairy datfed a high-fiber diet, the value for
methane yield compares very favorably with datanfiiterature. Lowering the temperature in
the first stage to between 20 and 25°C resulted wolearly improved performance of the
thermophilic digestion process, while the methae&yremained the same as for mesophilic-

thermophilic-mesophilic operation.

During treatment in the pilot plant, the level @cél coliforms in liquid dairy cattle

manure was reduced to mean values below 10 MPN*g FM all operating modes tested,
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provided that a temperature of 55°C was maintainettie thermophilic stage. Temperature
drops did not so much affect the level of FC in gke® from this and the subsequent
mesophilic digester, but resulted in an increasael!l of these indicator organisms in the
storage tank. Intestinal enterococci exhibitedstmme trend, although the maximum reduction
of these temperature-resistant indicators in therntlophilic stage was more sensitive to
temperature. The inactivation Gryptosporidium parvunmocysts was investigated at semi-
technical scale in a biogas plant modeled after gibet plant at a geometrical scale of
approximately 1:6. Treatment at 55°C for 4 hourgluoed the number of infectious

Cryptosporidiumoocysts by more than 5 log units. In contrast revipus findings, oocyst

inactivation was not improved due to the mesoplpite-treatment.

A minimum guaranteed retention time in the horiabmtibular digester of 8 hours was
determined from tracer tests, for both a feedirtgriml of 1 and 4 hours. The reactor was

insufficiently mixed and exhibited a high demandlieating energy.

A two-stage, thermophilic-mesophilic treatment s using conventional stirred-tank
digesters is proposed for the efficient digestidriquid dairy cattle manure. The ratio of
thermophilic to mesophilic HRT should be about IFf8. insure sufficient sanitation with
respect to non spore-forming bacterial indicatorg eryptosporidia, the digesters have to be
operated in draw-fill-mode with a feeding interedl8 hours. Insuring the required treatment
temperature in a biogas plant for the sanitizimgtment of liquid manure requires efficient
heating which has priority over electrical powenggtion. The influent to the thermophilic
stage should be pre-heated using heat that is eemd¥rom the effluent. Liquid manure that
has not been sufficiently sanitized due to openaliaregularities must not be discharged into
the terminal storage tank. A biogas plant for sdi@hal purposes has to be designed in such a
way that recontamination of digested liquid manwith material from upstream treatment
stages is excluded. Regardless of treatment tetopeyanaerobic digestion of animal waste
always reduces the input of pathogenic and indiaatganisms into the environment to some

extent.
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9 ZUSAMMENFASSUNG

Als Verfahren fur die weitgehende Hygienisierung Wilchviehgtille wurde ein dreistufiger,
mesophil-thermophil-mesophiler anaerober Prozeswothh und halbtechnischen Mal3stab
untersucht. Mit dem gewahlten Behandlungsverfabadite eine wirkungsvolle Verringerung
der Keimzahl bakterieller Indikatoren und protozbisr Parasiten sichergestellt und zugleich

ein hoher Methanertrag aus Milchviehgtlle erziedt@en.

Auf einem Milchviehbetrieb im Oberbayerischen Alperiand wurde eine Pilot-
Biogasanlage fur die Behandlung der Gille von et GrolRvieheinheiten Rinder (ca.
2000 nt pro Jahr) errichtet. Die Behandlungsanlage bestars einem Riihrkesselreaktor
(Nutzvolumen: 50 rf) mit dem Ziel der Aktivierung der Dauerstadien vBarasiten auf
mesophilem Temperaturniveau (um 38°C), in Reihe miitem liegenden Fermenter
(Nutzvolumen: 46 ) fur die weitgehende Hygienisierung bei thermoghilemperatur
(55°C), in Reihe mit einem weiteren Rihrkesselfertme (Nutzvolumen: 150 ™ zur
Ausgarung des Substrates. Das Biogas aus den dneneRtern und dem gasdicht
abgedeckten Endlager (80G)mvurde in einem BHKW mit Ziindstrahimotor zur Ergeng

von elektrischem Strom und zur Bereitstellung vaizivarme fir die Fermenter genutzt.

Mehr als die Halfte des oTM-Abbaus in der Fermewskade fand in der ersten,
mesophilen Stufe statt. Trotz einer fir mesophieliBgungen hohen Raumbelastung von ca.
7 kg oTM*(m*d)™* war der Abbauprozess in diesem Fermenter stabilgl¢ichsweise hohe
Konzentrationen an fliichtigen Fettsauren, niedidgethangehalte im Biogas sowie ein
geringer oTM-Abbau zeigten jedoch eine Beeintr@ghtg des anaeroben Prozesses in der
zweiten, thermophilen Stufe durch die vorgeschalteesophile Behandlung an. Der Ablauf
der dritten, mesophilen Stufe wies sehr geringerék@mzentrationen auf. Im Endlager war

das Niveau an flichtigen Fettsauren aufgrund forestender Abbauprozesse wieder erhéht.

Wahrend des mesophil-thermophil-mesophilen Betsaber Pilot-Biogasanlage wurde
aus  Milchviehgulle  (mittlerer TM-Gehalt: 7,8 %) ein Methanertrag  von
0,24 n*(kg oTMzugerhr)'l erzielt. Die hydraulische Verweilzeit in der Femterkaskade
betrug dabei 45 Tage. Eine Verlangerung des Bdaahgsintervalls von einer auf vier
Stunden hatte keinen Einfluss auf den Methanertragnbetracht des hohen Ligningehaltes
der Gille, die von Milchvieh mit faserreicher Fitteg stammte, stellt sich der Wert fur den
erzielten Methanertrag im Vergleich zu Literaturalngn als sehr gunstig dar. Nach
Verringerung der Temperatur in der ersten Stufe2@25 C war die Leistungsfahigkeit des
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thermophilen Prozesses deutlich erhéht, wahrend Methanertrag im Vergleich zum

mesophil-thermophil-mesophilen Betrieb unverantkeb.

Durch die Behandlung in der Pilotanlage wurde denkzahl von Fakalcoliformen in
der Milchviehgtille fir alle Betriebsarten auf im thi unter 10 MPN*g FM verringert,
vorausgesetzt dass in der thermophilen Stufe esmap€ratur von 55°C aufrechterhalten
wurde. Ein vorubergehender Temperaturabfall hattef aie Konzentration von
Fakalcoliformen in Proben aus der thermophilen daednachgeschalteten mesophilen Stufe
einen relativ geringen Einfluss, fihrte jedoch Zoee deutlichen Wiederverkeimung mit
diesen Indikatororganismen im Endlager. Fur intedéi Enterokokken konnte derselbe Trend
beobachtet werden, wobei fir diese sehr tempeesigtenten Indikatorkeime der Einfluss
verringerter Temperaturen in der thermophilen Stidgirker ausgepragt war. Die
Inaktivierung von Cryptosporidium parvup®ozysten wurde in einem halbtechnischen
Modell der Pilot-Biogasanlage im geometrischen Maffsson etwa 1.6 untersucht. Eine
Behandlung bei 55°C fur 4 Stunden verringerte diezahl infektioser Kryptosporidien-
Oozysten um mehr als 5 log-Stufen. Im Gegensatorausgegangenen Studien wurde durch

die mesophile Vorbehandlung keine verstarkte Inaiing von Oozysten bewirkt.

Aus Markierungsexperimenten wurde im liegenden eater sowohl fur stindliche als
auch fur vierstundliche Beschickung eine gesichédmveilzeit von 8 Stunden ermittelt. Der
Reaktor war unvollstandig durchmischt und hatteeinohen Bedarf an Heizenergie.

Fur die effiziente anaerobe Behandlung von Milchgiélle in Rihrkesselreaktoren
wird ein zweistufiges, thermophil-mesophiles Vertah vorgeschlagen. Das Verhéaltnis der
hydraulischen Verweilzeit in der thermophilen bzmesophilen Stufe sollte etwa 1:3
betragen. Um eine ausreichende Keimzahlreduktiam nicht Sporen bildenden Bakterien
und Kryptosporidien zu gewébhrleisten, sind die Fartar mit einem Beschickungsintervall
von 8 Stunden zu betreiben, wobei die EntnahmedeorBeschickung zu erfolgen hat. Um
die fur eine weitgehende Hygienisierung erfordedic Behandlungstemperatur
sicherzustellen, muss beim Betrieb einer solchenog&sanlage die effiziente
Fermenterbeheizung Vorrang vor der Stromerzeugutgem Die der thermophilen Stufe
zugefuhrte Gllle sollte vorgewarmt werden. Fur eliegweck sollte Warme aus dem Ablauf
der thermophilen Stufe zuriickgewonnen werden. Gdike aufgrund von Prozessstérungen
bei zu geringen Temperaturen behandelt wurde, maht in das Endlager gelangen. Eine
Biogasanlage fur Hygienisierungszwecke muss gdnesel gestaltet sein, dass eine

Rekontamination behandelter Gdulle durch Material s aweiner vorgeschalteten
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Behandlungsstufe ausgeschlossen ist. Unabhangig deonProzesstemperatur leistet die
anaerobe Behandlung von Gllle stets einen gewiBsérag zur Verringerung des Eintrags

von Pathogenen und Indikatorkeimen in die Umwelt.
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10 APPENDICES

Appendix 1. Description of pilot plant operatiomdtér finishing retrofitting work)

Date

Operating conditions and procedures

28 December 2003

Resumption of feeding at a reduced rate of 2.5 m* liquid
manure per day after finishing retrofitting the paddle
agitator of Digester 2; problems with frozen delivery pipe
for raw manure

5 January 2004

Digester 2 reaches normal filling level

January 2004

Increasing daily load to the target value of 5.5 m® in steps
of about 1 m® per week

February to September 2004

Operation with a daily load of about 5.5 m® of liquid
manure on the average, fed in 21 batches (preset
feeding interval: 1 hour); input volumes of Digester 1 vary
between 5.3 and 5.7 m® mostly; average total hydraulic
retention time of digester chain: 45 days

16 to 24 February 2004

Reduced feeding due to repeated plugging of delivery
pipe of Digester 1 and failure of feeding pump 1

19 February to 8 March 2004

Blocked up gas collection pipe causes irregular operation
of combined heat and power unit

11 to 14 March 2004

Addition of Fe(ll) to digesters due to high hydrogen
sulfide levels in the biogas of up to 1200 ppm; H,S levels
repeatedly exceed 200 ppm until early June; failure of
the agitator causes Digester 1 to foam over

15 March to 5 May 2004

Hygienic monitoring: Tracing experiment

28 March 2004

Burst water pipe in the stable: Approximately 30 m® flow
into manure canal

29 March to 5 April 2004

Intensified sampling of raw manure and digester contents

25 May 2004

Installation of gas flow meters, discharge of biogas

31 May to 2 June 2004

Digester 1 foaming over again; H,S in the biogas
exceeding 200 ppm

7 June to 5 July

First tracer test in Digester 2

8/9 June 2004

No/reduced feeding due to incorrect setting of level
meter of Digester 1

24/25 July 2004 Reduced feeding of Digester 1 due to foreign bodies in
delivery pump
12 August 2004 Failure of the agitator causes Digester 1 to foam over

13 to 16 August 2004

Very strong winds cause cooling down of Digester 2 by
about 2 K

26 August 2004

Servicing of the engine: Reduced fuel oil consumption
and increased thermal energy output exceed capacity of
the heating system at full load

7 September 2004

Change of preset feeding interval to 4 hours

7 September to 11 October 2004

Operation with a daily load of about 5.2 m? of liquid
manure on the average, fed in 5 or 6 batches by turns
(preset feeding interval: 4 hours); average total hydraulic
retention time of digester chain: 47 days

From 10 September 2004 on

Cooler temperatures require additional heating with fuel
oil during nights to maintain thermophilic temperatures
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Date

Operating conditions and procedures

20 September to 13 October 2004

Second tracer test in Digester 2

12 October to December 2004

Operation with a daily load of about 5.4 m® of liquid
manure on the average, fed in 5 or 6 batches by turns
(preset feeding interval: 4 hours); average total hydraulic
retention time of digester chain: 45 days

19 to 27 October 2004

Intensified sampling of raw manure and digester contents

28 October 2004

Blocked up gas flow meter causes discharge of biogas
through pressure valve

26 November 2004

Addition of Fe(ll) to digesters due to hydrogen sulfide
levels in the biogas exceeding 200 ppm

22 to 25 December 2004

Reduced feeding due to frozen up manure delivery pipe
between storage canal and collection tank

23 February 2005

Shut-down of Digester 1; thermophilic-mesophilic
operation at reduced feeding rate

5 to 29 April 2005

Emptying and refilling of Digester 1 with raw liquid
manure

29 April to 17 June 2005

Thermophilic-mesophilic operation; Digester 1 used for
pre-heating the liquid manure to 20-25C; mean dail y
load: 5.7 m®, fed in 21 batches (preset feeding interval: 1
hour), average hydraulic retention time (Digesters 2 and
3): 34 days
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Appendix 2. Description of model plant operations

Date

Operating conditions and procedures

16 June 2003

1% filling of the digesters

24 June 2003

Start of feeding

28 August to 12 September 2003

First tracer test in MD2, terminated prematurely due to
clogging of delivery pump 1

16 December 2003

Shut-down of model plant for the winter season

29/30 April 2004

Re-start of model plant

7 May to 15 August 2004

Operation with a daily load of 24.5 to 26.5 L of liquid
manure on the average, fed in 24 batches; average total
hydraulic retention time of digester chain: ca 40 days

16 August to 15 November 2004

Operation with a daily load of 28.6 to 29.1 L of liquid
manure on the average, fed in 6 batches (feeding
interval: 4 hours); average total hydraulic retention time
of digester chain: ca 37 days

27 August to 2 September 2004

MD 1 over-heated to 45T by mistake

20 October to 15 November 2004

Second tracer test in MD2

15 November to 17 December
2004

Operation of MD2 and 3 only (thermophilic-mesophilic)

17 December 2004

Shut-down of plant for the winter season

15 March 2005

Re-starting of model plant

13 April to 6 July 2005

Operation of MD1 and 2 (mesophilic-thermophilic) with a
daily load of 15.4 L of liquid manure, fed in 24 batches,
hydraulic retention time in MD1: ca 14 days; gas
collection from MD1 only
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Appendix 3. Overview of measuring instruments aathdogging at the pilot biogas plant

Parameter Measurement device Automatic Daily manual
(supplier) data logging recording
Digester Pt 1000 Continuous Yes
temperatures
Filling levels in Pressure transducer - Yes
digesters (ENDRESS + HAUSER)
Volume of manure Electromagnetic flow meters ~ Continuous Yes
at all three supply pumps,
measuring error: £ 0.5 %
Biogas composition CH,4, CO: IR sensors, dual- Yes, at least Yes
beam method, measuring daily
error: = 2 %; measurement
H,S, O,: electrochemical
sSensors, measuring error:
+5 9% and + 0.2 %,
respectively
(SCHMACK BIOGAS AG)
Biogas flow to Bellows-type gas meter - Yes
engine (Elster-Instromet GmbH)
Air flow for Rotameter (approximate - Yes
desulphurization measuring error: + 10 %)
Status of CHPU Px-control (Hans-Jurgen Continuous -
Schnell Anlagenbau, ComAP)
Fuel oil consumption Counter - Yes
Heating energy Meters for total heating - Yes
energy, digesters 1 to 3, and
emergency cooler
Electrical energy Meters for electricity - Yes
generated, fed into and
obtained from the grid
Air temperature on ~ Thermometer - Yes, daily

site

minimum/maxiumum

Ambient temperature

Sensor at nearest
meteorological station

Hourly means

Ambient pressure

Sensor at nearest
meteorological station

Hourly means
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Appendix 4. Overview of measuring instruments aathdogging at the model biogas plant

Parameter Measurement device (supplier) Automatic data
logging

Digester Pt 100 Yes

temperatures

Filling level monitors Potentiometer (ENDRESS + HAUSER) Yes

Volume of manure Operating time of supply pumps Yes

Biogas composition  CH,, CO;: IR sensors, dual-beam method, Yes

measuring error: £ 2 %;

H,S, O,: electrochemical sensors, measuring
error: £5 % and + 0.2 %, respectively
(AWITE Bioenergie GmbH)

Total biogas flow Drum-type gas meter (RITTER), Yes + manual
resolution: 0.2 L recording

Biogas flows from Time for filling a gas bag to a specified Yes

individual digesters  pressure

Biogas temperature Pt 100 in gas meter Yes

Ambient temperature Pt 100 on site Yes

Ambient pressure Sensor at nearest meteorological station Yes
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Appendix 5. Values of dry matter and volatile ssl@bntents (meat standard error) of
samples from the digesters of the pilot and moa®jds plants during meso-
thermo-meso operation

DM VS VS

% (m/m) % of DM % (m/m)
Digester 1 7.1+£0.5 75.6+2.6 5.3+0.18
Digester 2 6.5+0.5 73.0+23 4.8+0.16
Digester 3 59+0.4 705+ 1.8 4.2 £ 0.09
Model Digester 1 6.5+0.5 755+ 2.0 4.8 +0.16
Model Digester 2 6.0+0.2 72.7+5.8 43+0.14
Model Digester 3 55+0.3 705+1.7 3.9+0.20




