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ABBREVIATION LIST

ABPA allergic broncho-pulmenary aspergillosis

AF Aspergillus fumigatus
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MSW rnunicipal solid waste

OEL occupational exposure limits
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Summary

SUMMARY

Composting, z biodegradative process in which putrescible organic wasies are transformed into a
siable, humus-like product makes nowadays part of a modern waste management system. If com-
posting is carried out at indusirial scale, 2 nomber of problems, such as the emanation of bad odors,
or Ihe dispersion of potentially pathogenic micronrganisms can arise,

In the scope of a research program aboot biorisks, the cccurrence of the thermotolerant, allerpenic
and potentially infections mold Aspergitfus fisnigatus (AF) and of coliforms (indicator bacteria of a
fecal contamination) in different composting systems was investigated. The approach of our re-
search was to consider the hygienization of compost as 1he consequence of high temperature forma-
tion through optimal composting conditions. It was tried to determine the influence of the main pro-
cess parameters (composition of the biowaste, size of the heaps, tuming frequency, seration cycles)
on the composting aciion, and thus ultimately on thermohygienization. The composting process was
monitored at the sites of our industrial partners, representing \he different composting systems used
in Switzerland (open-air windrows, aerated and non-zerated boxes, aerated trenches, in-vessel com-
posting), by monitoring physico-chemical (temperature, gas concentraions, pH, walter content} and
microbielogical parameters. The ficld stodies were complemented with laboratory experiments
about the physiclogy, especially the thermoresistance of AF {spores and mycelium).

AF was detected in high concentrations in fresh bindegradable waste, at all the composting sysiems
investigated, Although an almost complete thermohygicnization was obtained in the core of the
compost heaps during the \hermogenic phase of the process, potentially pathogenic microorganisms
proliferated or persisted in the cooler outer and lower zones, due 10 the always-exisling temperature
gradient. Laboratory experiments showed that thermotolerant subpopulations of AF spores were
generaled during heating, possibly explaining the quite high lemperactures (>63°C) needed for its
desimetion,

Recolonization of the compost by AF, and to a lesser degree by coliforms, after the thermogenic
phase was frequently observed, although copcentrations did not reach the initial values. The extent
of the recolonization depended on the compost maturity, which itself depended on the orgaric mat-
ter content of the starting material and on the efficiency and homogeneity of the rotting process.
Special attention should be given to the curing of the compost after the actual rotting phase. If ever
possible, treament should be coatinued, although at more infreguent intervals, untit the compost is
used.

An intensive management of the compost proved to be necessary for good hygienization. The fol-
lowing parameiers have to be chosen carefully to assure a correct composting process: composition
of the initial substrate (C:N ratio between 30 and 35, pood structure), adjustment of humidity be-
tween S0 and 60 %, frequent mixing (every 1-2 days during the thenmogenic phase) to redistribute
microorganisms and subsirate and to bring material te the hot center of the heap, adjustment of
aeration (frequency, duration), duration of the process long enough to aveid recolonization during
maturation, or direct use of fresh compost withoul storage. In experiments carried out at the open-air
windrow site, the importance of frequent rniags was demonstrated: daily rurmed composts con-
tained significandly less AF than such that were tamed weekly or monthly.



Summary

Frequent tumings also accelerated the d=gradation process, especially in the experiment with mostly
woody material {initial C:N ratic of 40:1).

A hamogeneous composting process was dilficult 1o achieve in the box systems, where compost
was filled 2-4 m deep. Al the point of air inflow, the material was cooled and dried, leading to an
inhibilion of the microbial activity, and thus to an interruption of the degradation process. Thermeo-
hygicnization was iherefore also uncven: the hot spots showed low AF concentrations, while higher
numbers were detected in the colder zones. In the unaerated box system, congditions in the rotting
boxes were completely anoxic, the actual composting, by definition an aerobie process, started only
when the material was piled up for coring. As the tcatment was extensive at this moment (lurning
of the material once a week by a from-end loader}, an important proliferation of AF a1 the heap sur-
face was measured. Reduction of AF numbers was also slow in the aerated bioreactor, despite of
very high temperatures around 80°C during the second half of the process, when airflow was in the
sucking mode. The most homogenous composting was obtained in the trench system, demonstrated
by little temperatore and pas gradicnts, The quite high, uniform temperatures on the other hand let
supposedly 1o a less intensive degradation of organic matter. The 30 days rotting in the hall werz not
sufficient to praduce a stabilized product.

Bionerosols eontaining high numbers of fungal spores were shown to be produced when meehani-
cally treating compost (shredding, lurning, and screening). When these activities were carried out in
the open, spores were very rapidly diluted, so ihat health risks for the personne] working on he
shes, and for people living in 1he neighborhood of such siles were judged minimal. Very high con-
centrations of mold spores were usually detected when eomposting was carried out in boxes or
trenches in ¢losed halls, In spite of & supposed automation of the process, the very frequent prescnee
of maintcnance personnel was necessary in the rouing halls.

A good correlation was normally seen between fungal concentrations measured in the compost, and
that emitted during taming. The wrning sysiem used greatly influenced the importznce of bioaerosol
generation, More gentle wirning lead 1o tess spore emission, but was normally coupled 1o a slower
turning rate, leading 10 infrequent turnings, and thus 10 an inbomogensous comMPposting Process,

The efficicney of ihe biofilters, installed 1o deodorize vitiated air from closed composting systems,
10 hold back fungal spores and microbial cells was questioned. Further research would be necessary
in this area,
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Zusammeniassung

ZUSAMMENFASSUNG

Kompaosiicrung, ein biologischer Prozess, wilhrend dessen abbaubare organische Abfille in cin
stabiles, humus-fhnliches Prodekt umgewandelt wird, ist heutzatape Bestandreil eines jeden
modernen Abfallentsorgungskonzepts. Wenn diz Kompostierung im indusiriellen Massstab ausge-
fiihrt wird, konnen eine Reihe von Problemen, wie Geruchsbeldstigung, oder die Verhreitung von
potentiell pathopenen Mikroorganisinen, auftreten.

Im Rahmcn cines Forschungsvorhabens zum Thema ,Bionisiken' wurde das Vorkommen des
thermotoleramen, allergenen und potentiell infekiitsen Schimmelpilzes Aspergillus finnigatus (AF)
und von eoliformen Keimen (indikatorkeime filr Fikalkontamingtionen) in verschicdenen Kom-
postiersystemen ontersucht, Unser Forschungsansatz war, die Komposthygienisierung als Folge der
hohen Kompostiemperaturen zu betrachten, die durch optimale Bewirtschafiung auftreten. Wir
versuchien, den Einfluss der wichtigsien Parameter (Zusammenselzang des Bioabfalls, Mieten-
grdsse, Umsctzhiiufigkeit, Belifutungszyklen) auf den Kompostierprozess, und letzlich auf die
Thermohygicniserung aufzozeigen, Der Kompostiervorgang wurde auf den verschiedenen Anlagen
unserer Industriepariner (offcne Micten, beliiftete and unbeliificte Boxen, beliiftete Kanile,
Reaklorkonspostierung) darch physikalisch-chemische (Temperatur, Gaskonzenirationen, pH,
Wassergehalt) und mikrobiologische Messungen verfolgl. Die Feldanalysen wurden mit Laber-
experimenien iiber die Physiologie, insbesondere die Thermoresistenz von AF (Sporen und Myzel)
ergiinzi.

AF wurde in hohcn Konzentrationen in frischem Bioabfall in allen Kompostiersystem gefunden, Im
Innern der Micten fand withrend der heissen Phase der Konposlicrung eine weitgehende
Thermohygienisierung siatl. In den kélteren dusseren oder untercn Zonen hingegen, die dureh immer
auftretende Temperaiurgradicmien entstanden, konnten potentiel] pathogene Organismen iiberleben,
Laborexperimente zeigten, dass thermotolerante Subpopulationen von AF-Sporen wehrend der
heissen Phase pebildet worden, was erklint, dass Temperaturen iiber 65°C nGtig waren, um diese
Sporen ganz abzutéten.

Wiederhesiedlung des Komposts mit AF, und in geringerm Mass mit Coliformen, nach der heissen
Phase wurde hiufig beobachiet, Konzenirationen erreichten hingegen nie die Anfangswerte. Das
Ausmass der Wiederbesiedlung war vorm Reifegrad des Komposts abhiingig, der wiedemum vom
Anteil der organischen Masse im Ausgangsmaterial, und von der Effizicnz und der Homogenitiit des
Rotteprozesscs beeinflnsst war. Der Reifung des Komposts nach der Heissrottephase sollle spezielle
Beaclitung geschenkt werden. Wenn moglich sollte die Behandlung fortgesetzt werden, wenn auch
in grosseren Intervallen, bis der Komipost ausgebracht wird.

Eine iniensive Behandlung des Kompast zeigte sich fiir eine gute Thenmohygiensierung uner-
lisslich, Die folgenden Parameler milssen sorgfiltig gewihlt werden, um einen komekten Kom-
postierprozess zu erreichen: Zusammensetzung des Ausgansmaicrials (C:N-Verhiltnis zwischen 30
und 35, gute Sirektur}, Feuchie zwischen 50 und 60 %, hiufiges LImsetzen (alle 1-2 Tage wihrend
der Heissrottephase), om Mikroarganismen und Substrat nen Zu mischen, und nm Material in den
heissen Kern zu bringen, anpepasste Beliftung (Intervall, Dauver), geniigend lange Kompostierdauer,
damit dic Wiederbesiedlung wihrend der Reife beschrinks hleibt, oder direkre Verwertung des
Komposts ohne Lagerung. Vemuche, die aufl einer offenen Mietenanlage durchgefiihn wurden,
zeipten denllich den Einfluss von hiufigem Umsetzen: tiglich umgesetzte Mieten enthiellen
dewtlich weniger AF als solehe, die nor wiichenttich oder menatlich nmgesetzt wurden. Hiufiges
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Zusemmenfassung

Umsetzen beschlesaigle auch den Abbauprozess, vor allem im Material mit viel Holz (C:N-
Verhiltnis von 40:1 zn Beginn).

Ein homogencr Kompostierprozess war in Boxen, die 2-4 m hoch mit Kompost gefiillt waren,
schwierig zu erreichen. Am Boden, wo Luft eingeblasen wurde, wurde der Kompost ausgekihlt und
ausgetrocknet, mit der Folge, dass die mikrobielle Aktiviti( eingeschriinkt wurde, and der
Abbanprozess zu Erlicgen kam. Die Thermohygieniserung war ungleichmiissig: in den heissen
Zonen wurden wenig AF gemessen, wihrend die kalten Zonen hohen Pilzkonzentrationen
aufwiesen. Die unbellifien Boxen waren v8llig anaerob. Die Kompostierung, laut Definition ein
acrboer Prozess, setzie erst ein, nachdem das Maierial ausserhalb der Boxen zur Reifong
aufgeschiittet wurde. Da die Behandlung zu diesem Zeiipunkt exiensiv war (der Kompost wurde 1 x
wichentlich mit einem Trax omgesetzt), konnte an der Dberflicke der Haufen eine siarke
Vermehrung von AF gemessen werden. Im Bioreaktor wurde nur eine langsame Abidtung der
Schimmelpilze fesigestellt, obwohl sehr hohe Temperatwien um 80°C in der zweiten Hilfie des
Xompostierprozesses gemessen werden, als Luft von oben durch die Kompostmasse gesogen
wurde, Der homogenste Kompostierprozess wurde in den Kanillen emeicht, wo nur geringe
Temperatur- und CGaskonzentrationsunterschieden gemessen wurden, Dic  ziemlich hohen,
gleichmissigen Temperaturen bewirkien jedoch wahrscheinlich cinen geringeren Abbau der
organischen Substanz. Die 30 Tage Rotte in der Halle gentigten nicht, um ein stabiles Endprodukt
herzustellen.

Die mechanische Bearbeitung von Kompost (Schreddern, Umsetzen, Aussieben) erzeugie
Bioacrosole, die hohe Konzentrationen an Schimmelpilzsporen enthielien. Wenn diese Arbeiien im
Freien ausgefiihrt wurden, erfolgle eine rasche Verdinnung der Sporen in der Luft, Gesund-
heitsgefdhrundung fiir Leute, die in der Umgebung eines Kompostplatzes wohnen, wurde daher als
minimal eingestufi. Schr hobe Schimmelpilzkonzentmtionen wurden in geschlossenen Komposticr-
hallen gemessen (Boxen- oder Kanalkompostierung). Trotz der angeblichen Awomatisienang des
Prozesses in solchen Hallen tst die Anwesenheit von Personal sehr hiufig ndtig.

Bine gute Korrelation wurde zwischen der Schimmelpilzkonzentration, die im Kompost gemessen
wurde, und derjeningen in der Luft beim Umsctzen gefunden, Das Umsetzverfahren beeinflusst dic
Freisetzung van Pilzsporen stark. Weniger intensives Durchmischen erzengte weniger Pilz-
emissionen, bewirkte aber auch eine geringere Umsatzrate, und daher einen inhomogenen Kom-
postierprozess und einen weniger raschen Abban.

Die Wirksamkeit von Biofiltem, die in erster Linie eingesetzt werden, um die Abluft peruchsarm zu

machen, in Bezup auf das Zunickhalien von Pilzsporen wurde in Frage pestelit. Weitere Arbeiten zu
diesem Thema sind nitig.
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Imroduction Wha! is compasting ?

1. INTRODUCTION

1.1 WHAT IS COMPOSTING ?

The last decade has lead to an increasing awareness of the problems associated with the classical
methods of waste treatment. Tt was realized (hat the elimination of waste materials by hurning, or by
its dumping in sanitary landfills was not the final solution to all waste problems, but gave some-
times rise to new ones {pollution of air and groundwater, ¢limination of toxic residues, shortage of
suitable sites for landfills). Also, biodegradahle wastes are not very well suited for incineration be-
cause of their high water content, and create problems when put in landfills (emanation of gases and
leachates). Due ta the ongoing dehumification of the soils, the necessity 1o recycle plant derived
wasles to return nutritive minerals to the soil, but also to renew (he homus fraction, was recognized
{ARAGNO, 1994),

That’s why today, modsm waste treatment programs can not be imagined without source separation
and composting, ¢ither at individual, local or regional level, to treal part of this organic fraction,
namely garden and park waste (green waste), kitchen waste, and 10 2 minor degree also agricultural
and biodegradable industrial waste.

However, when composting of larpe quantities is camried out at industrial level, a number of prob-
lems (bad odors, dispersion of potentially pathogenic micreorganisms) can arise, which may jeop-
ardize the wholc industry. Research at industrial scale should examine the measures to be taken 1o
avoid thesc problems, and to guarantee the production of compost that poses no risk to the environ-
ment or 1he ugers.

1.1.1 DEFINITION OF COMPOSTING

Depending on the view of the author (more technical or more economical), differeni definitions of
composting exist. All, though, are justified, and show one or the other aspect of this very complex
process.

COMPOSTING

» is the accelerated natural process of biodegradation of organic matter by gathering the mate-
rial into heaps 1o conserve part of the heat generated by microbiel metabolisms so that the tem-
perature of the mass rises and faster reaction rates are obtained (BIDDLESTONE & GRAY, 1987a)

» is a blodegradative process in which organic wastes are transformed and stabilized by the
metabolic activitics of 2 succession of mixed microbial populations, each suited to the envi-
ronment produced by the previous population (ANDERSON & Switd, 1987}

s is defined as a thermophilic biological process involving the decomposition of putrescible or-
ganic material into a relatively stable humus like end product. When properly managed, the
pracess decreases the welght, volume, and water content and kllls pathogenlc organlems
{(Hay & KUCHENRITHER, 1990)

» is the decomposition of helerogeneous organic malter by a mixed microbial population in a
mwoist, warm, aerobic enviranment (GRAY & BIDDLESTONE, 1971a)

13



Introduction What is composting ?

COMPOSTING (continued)

» is a controlled bicoxidative process that invelves 4 heterogeneous organic sabstrate in the solid
state, it evolves by passing throogh a ihermophilic stape and 2 lemporary release of phylotoxin
(for exampte acetic acid) (KEELING ef al., 1993}

& leads to production of carbon dioxide, waler, minerals, and stabilized organic matter {com-
post). I implies control over lemperature, moisiure, suhsiratum compasition, oxygenation,
ele, (DE BERTOLDI & ZUCCONI, 1987)

COMPOST

# i3 the resuli of the composling process. The organic malier must be stabilized or cured and be-
come a humus-like product that can be stored without further treatment, and can be applied
to land withoul damage to crops (Hay & KUCHENRITHER, 1950}

» is the stabilized and sanitized product of composling and is beneficial to growth of plants
(CHEN & INBAR, 1993}

* has undergone an initizl rapid stage of decomposition, and is in the process of humification
(slabilization stage) (DEBERTOLDI & Zucconi, 1987)

1.1.2 ADVANTAGES AND DISADVANTAGES OF COMPOSTING

Composting of the arganic fraciion of the waste lezds to numerous improvements in the overall
waste treatment process: i} reduction of the amoum of waste that has 1o be incinerated or put in
tandfills; and therefore reduction of incinerator ash to be disposed of, and of landfill space; ii) in
general lower costs than incineration, although treatment costs in very sophisticated, completely
enclosed composting systems are now near those for incineration; iii} recycling of humus and rutri-
ents into the 50il; iv) bog conservation, because compost can be used as peat substitute; ¥) beneficial
role of compost microorganisms in crop protection, in as much as they compete with plant patho-
gens.

If composting is not carried out properly, ii can also have some disadvantages: i) the most common
complaint about composting installations are odor nuisances; thats why the tendency goes o com-
pletely enclosed systems where the outlet air is treated in a biofilter before being emiited. The hest
way, though, to prevent malodor generation is a coinposting process with a high degradation rate, in
order 1o remove the putrescible substances as quickly as possible; i} proliferation and dispersion of
patentially pathogenic and / or allergenic microorganisms; iii) soil pollution if the heavy metal con-
tent of the compost is too high. This can be avoided if the starting material is free of these contami-
nants {(source separation of ithe organic waste; use of sewage siudge only from non-industrial ori-
gin}; iv) groundwaler pollution if composting is caried out on a surface thai is not made up praperly
or where the runoff water is not collected.
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1.2 SITUATION IN SWITZERLAND

On the example of Switzerland, the evolution of composting in the last decade will be shown. Al
though, due to geographical corditions, the situation might be diiferent than in other European
countties, in that the installations are generally smaller,

1.2.1 QUANTITIES

The lalest numbers available are from 1996: from the total 4.91 million tons of municipal solid
waste (MESW, including household waste and refuse of similar nature preduced by local industries
and small firms, as well as recycled maicrials {paper, plass, etc.)} generated by a population of 7.1
million (= 689 kg per habitant and year), 450700 tons (= 57 kg/habitant and year, 20 % more than
1994) were source separated and composted in installations treating more than 100 ¢/a'; this corre-
sponds to 8.3 % af the MSW {ANONYMOUS, 1998). To this have be added the guantities that are
composted in private gardens, commnnity installations and enterprises; they are estimated to another
300000 to 400000 /y (ESTERMANN, 1997). In fact, the ordinance on the treatment of wasie {Tech-
nische Verordnung Gber Abfiille vom 10. 12. 1990) states that the cantonal authorities must encour-
age home composting. Only the compastable waste that cannot be privalely composied should be
collected separately and \reated in centralized installations (FISCHER ef al., 1295},

Since 1990, a constant yearly icresse of abowi 10 % of (he amount of composted material can be
observed. However, in 1996 the MSW collected for incinerasion or landfilling stil] conained 23 %
compostable matier (ANONYMOUS, 1996). With the extension of corbside collection programs for
biodegradable waste, the introduction or augmenation of the waste bap tax (in municipalities that
levy a waste bag tax, the amount of compostable matier in the unsorted wasie destined for incinera-
tion is only half of that of those that levy no waste bag tax), and the interdiction, fram the year 2000
on, 1o put combustible wasie in landfills, the amount of MSW recycled by composting is thought to
rise fusther in Lhe near future.

1.2.2 COMPOSTING INSTALLATIONS

At the end of 1993, 149 composting instatlations treating more than 100 /2 were in operation. More
than half were small sites treating between 100 and 500 t/y, and only 143 reated more than 1000 ta.
To this number have o be added 8 installation ireating sewage sludge (methanization and com-
posting), 2 installations handling the oiganic fraction of MSW for stabilization prior io landfilling,
and 2 instzllations carrying out méthanization of kitchen waste. Also, 22 new installations were
planned (ANONYMOUS, 19942). In 1996, the number of compasting installalions had risen 1o 231,
the increase wus mostly due o middle sized sites, treating between 50(0-1'000 t/a, The number of
installations carrying out methanization had increased to 6.

Concerning the composling systems used, open-air windrows are the most widespread. 1n 1993,
about 2/3 of the installations composted in trapezoid windrows, about %4 of the installations used
state windrows of 3-4 m height. Only aboul 10 % of the installations were completely roofed or in-
side a closed bnilding (ANONYMOUS, 1994a). In 1996 the situation had changed insofar that 2 new
system of composting had developed: the edge-of-the-ficld compesting, which tepresented Y of all
installations. Farmers compost their own agricultural waste, 1ogether with biowaste from source
separated collection, on Lthe edge of the field where it will be applied, once the composting process
is completed.

! Only Ihese insiatiations are recorded siatistically
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The revenue of composting insiallations stems mainly from ihe tipping fees for biodegradable
waste: between CHF 100.-/t and 150.-/t, depending on the type of installation. In the context of
waste management economy, this compares te tipping fees fer incinerators of around CHF 200.-/t,
and of landfills of $50-200.-/t. The sales of finished compost ¢agricultural grade: given away for free
or CHF 2-3.-fm’; horticulture grade: between CHF 20 and 40.-/m’) contributes thus anly to a minor
degree to the profitableness of composting installations.

Data from Germany indicate rising operation costs for high-rate composting sysiems from
DM 100.-/t input material in the year 1991 to DM 180.- to 210.- in 1994, due 10 technically dis-
criminating sysiems, more intensive management, and higher maintenance costs of complewely
closed installations {corrosion) (WIEMER & KERN, 1994).

1.2.3 COMPOST UTILIZATION

The main end user of compost produced in Switzerland is agriculluie, including viticulture and
vcgclable and fruit-growing. About 120008 wns af compost (62 % of the compoest preduced in
centralized installations) were spread in 1992 on agricultural land. The remaining quantities were
used in commercial horticulture (nurseries, landscaping, seedling production), or in private gardens
{abowt 10 % of the total amount of compost produced). A potential market for horticulture grade
compost might be the partial substitution of imported peat or peat based poiting soils, which amount
to 210-260°000 tons annually (ANONYMOUS, 1994a). The fanmers get the compost for free, or pay a
minimal som for it (CHF 2-3/m?. 1n fact, the pood contact between the operator of a composting
installation and ihe farmers that live in its vicinity is of great imponance for a regular compost dis-
tribution. Quantities that can be utilized in agriculture are restricicd 10 a maximom of 25 ¢ DW per
hectare and 3 years (Ordinance abowm Harmful Substances for the Environment, appendix 4.5
(Verordnung ilber wmweligefihrdende Stoffe vom 9.6.1986, Aenderung vom 16.9.1992),
ANONYMOUS, 1995b), This limil was primarily set to restrict the input of heavy metals into the soil.
In 1993, compost made vp one half of a pereent of the tolal yearly nutricnt input into Switzerland’s
sails (FrEi er al, 1994),

1.3 ORDINANCES AND DIRECTIVES

In Switzerland, the praduction and utilization of compost is regulated in a number of ordinances and

directives {ANONYMOUS, [995b), namely the Ordinance about the treatment of waste (Technische

Verordnung Ober Abfille vom 10.12 1990), the Ordinance about Harmful Substances for the Envi-

renment, appendix 4.5 (Verordnung iiber umweligefihrdende Stoffc vom 9.6.1986, Aenderung vom

16.9.1992), and the Ordinance abom Fertilizers and Equal Products (Verordnung idber Diinger und

diesen gleichgesielite Produkte vom 10.12.1990). These ordinances are assuring that compost ¢an

only be sold or given away if it is such that it dozs nol harm the environment or man if applied cor-
1ectly. Based on the tegal provision mentioned above, guidelines for compost quality were worked
out and compiled by the Swiss Federal Station for Agriculwral® (ANONYMOUS, 1995b).

« Minimal quality requirements concern the heavy metal contents and the conient of foreign mate-
rials (metal, glass, plastics and stones). In function of the amount of material treated a1 a com-
posting instaflation, quality examinalions have 10 be carried out 1-4 times a year by anthorized
laboratories, according to standardized tests.

2 Bidgentissische Forschungsanswil fGr Agrikulturchemie uad Umwelthygicne, 3097 Licbefeld-Berne, Switzatland
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s In order 1o fulfill the requesi that the amount of human, animal, and plant pathogens and pests as
well as parts of plants capable of germinating have te give no cause for concern, the whole com-
posting material has 10 be exposed 1o a heat phase that

¢ lasls al leasl 3 weeks, at > 55°C, or

* lasts al leasl | week, at > 65°C, or

* gives, on the basis of the temperature reached and its duration, a proven hygienizating effect
Just as good as the two methods mentianed above.

* To reach ithe necessary iemperature, regular tumnings (a1 least 3 duzing the heat phase) have to be
effected, and the water content of the malerial adjusted. The operater of a composting site has 1o
measure at leasi 3 times per week \he remperature, and keep a record of the temperature evolo-
iton and the toraings, No laboratory test 1o delermine pathogen contcots have to be carried out,
the hygienic harmiessness being considered to be assured, according to the present state of
knowledge, by the heat treatments menlicned above.

The time/temperature relutions are very similar to those proposed by several other countries, Table |
gives an overview of the diffcrent temperature/time requirements in several countries,

Table 11 Temperaturediime requiremeris for the hygienie control of biownste coimposting planis in vartous cownirics
(STRAUCH, 1996, BAuN, 1995, FaRRELL, 1993, STALDER, 1993)

couniry iype of installation time / temperature relations
Austra e windrow = 65°C, for 2 least 6 days, or 2x3 days*
in-vessel = 85°C, but < 30°C Tor an least 3 days, water conlcnl 40-60 %,
CM 20-35:1"
Belgium > 60°C for at least 4 days
Denmaik > 55°C Jor &l least 2 weeks
France = 60°C for 4 days®
Germany (drafl) apen windrow = 55°C for at beasl 2 weeks, or »65°C for at least 1 week
in-vessel = B0PC Tor al least | week
lialy > 65°C far 2-3 consecutive days”
Nutherlands = 55°C for at least 4 days
Spain 4
United States of Amenica
Class B [formerly Process to > A0°C lor al leasl 5 days®
Significamly Reduce Paiha-
gens (PSRPY)
windrpw > 40°C for a1 Jeast 5 days, and > 35°C for 4 hours during Ihese 5
days®
Class A (formery Process 1o | stalic pile ar »70°C Tor 30 minutes, ar > $5°C For al least 3 days or > 53°C Tor
Furlher Reduce Pathogens | jp.vessel al least 5 days'
(PFRP)}
windrow » 55°C for least )5 days with al leas1 $ turmings’

additiona! requirements:

*no Salmonella or viable ascaride eggs

*regular connol of pathogens

¢ final matcrial musi be biologically stable to prevent pathngen regiowlh, no Sztmonella and fecal coliforms
4no weed seeds

€ 2 210 fecal coliformu'g

< b-HY feeal ealiforms/g, < | vizble helminih ova®d g, < 3 MPN Sal itae/4g. If the 1emp e/time
are met, the moniloriag of fecal colilorms is sufficient.

q
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« In order 1o inform the end user about the properties of (he compost, each delivery has to be ac-
companied by a note staing the dry weight, 1the content of organic matier, 10tal nitrogen, phos-
pherous, potassium, magnesium calciam and salt, an assessincnt abowt heavy metal concemrlion
and hygienic quality (based on icmperature measuremenis) and the amount that can be put on the
fields.

Concerning the work-place hygiene in composting installaiions, no specific guidelincs exist, the
general Ordinance about the Prevention of Accidents and Occupational Disease (Verordnung dber
die Verhiitung von Unfillen und Berufskrankheiren, 1583} is applied (KuiL, 1994).

1.4 COMPOSTING - A MICROBIOLOGICAL PROCESS

Composiing is a microbiological process in which a succession of mixed microbial popalations is
decomposing helcrogeneous organic matier, The description of the microorganisms thi participate
in the composting process is complex, because the popufations and communities change continu-
ously as a function of lhe evolmion of lemperalure, nutrient availability, oxygen conccndration, wa-
ter conlent and pH in the course of composting. The eatliest research by WaKSMAN ¢t al, (193%a
and b} treated the influence of 'empetatute npon the microbiclegical populations (bacteria, Actino-
myceles and fungi) of manure composts. In the 70', interesy in composting of municipal solid waste
and sewage sludge at industrial scale Jed to further investigations on the nature of the microhial
populations participating in the composting process (FINSTEIN & MORRIS, 1975; FOMNCELOT, 1974},
Also, namerous studies where carried out in laboratory composting systems to define process pa-
rametess {JAGER, 1997, ATKINSON et al., 19983, b and c; BOELENS et al., 1996; HOGAN ¢1 al., 1989,
NAKASAK ef i, 1996 and 1993; TSENG et al, 1996 and 1995; vON REEINRABEN, 1995 and 1993;
BAGSTAM, 1979; SULER & PINSTEIN, 1977). The preparation of compost for the culivation of edible
mushrooms (Agaricus bisporus) has a long tradition, and a rich literause is available weating the
influence of the microbial compost flora on the mushroom produciion. Lately, composting has be-
come a subject of research in the conext of bioremediation (FEITKENHAUER ef al., 1997; BREITUNG
et al, 1996; LAINE & JORGENSEN, 1996; TOMAT o al., 1995}, Furthermore, hot composts have been
"discovered” as a habitat of thermophilic organisms which are of interest for the produciion of
thermostable enzymes (BAUER ef g, 1997; HUANG ¢! al., 1996; STUTZENBERGER ef of., 1970). The
question of pathogenic microorganisms will be addressed in Chapter |.8.1.

The typical evolution of femperatnre and pH, as well as the group of microorganisms present in
each phase are shown in Figure 1.

As soon as wasle is gathered in a heap, the heat generated by the deprading microorganisms is ac-
cumulated dne 10 the insulating properties of the waste, and the temperawre starts to increuse. First,
the compost microorganisms metabolize the seluble organic substances. pH decreases because acids
are released as imermediale metabolites. This suits well the yeasts, which prefer a low pH. As tem-
psrature continues 10 increase, yeasts ar¢ inhibited, and the remaining flora metabolizes the acids.
At about 50°C, the mesophilic bacteria cease their activily, and the thermopliiles take over. Tem-
peratures continue o rise until they become limited for the most thetmotalerant specics. In fagt, the
highest temperatures measuced in compost (82°C) coincide with the maximum growth lemperature
of Therums, the most heat 1o0lerant specics isolated so far from compost (BEGEA et al., 1996). The
peak remperatures can be maintained as long as there is enough subsirale to suppost microhial ac-
tivity, otherwise temperatures fall.

L]



Introduction Composting - a microbkological process
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1 (Utilization of soluble substances (sugars, aming acids, fatly acids)

2 Cleavage and utilizatlon of polymers {cellutose, pecting, proleins, hemicelluloses)
3 Degradalion ot micicorganism celts, anlibiofics production

4 Mumus formetlon

Figure I Srhematic depicitan of ihe compasting process (modifted from BIDBLESTONE & GRAY, 19676)

The decrease of pH observed in the initial phase of composting (see Figure 1) is due to the accu-
mulation of organic acids that are intecmediate metabaolites of the aerobic cartbor metabalism, or to
anaerobic metabolisms which frequently occur due to the high oxygen demand of the microorgan-
isms. Over the whaole process, the pH continues to rise, through the liberation of ammonia from the
degradation of proteins, np 1o a value of 8.3-9 {see also Chapler 1.5.4).

A large diversity of microorganisms is involved in ihe composting process; dead and living micro-
organisms make up 2-20 % of the composting mass {BEFFA e af., 1995). The different populations
vary in their growlh temperatare range, their subsirate nilizalion, their pi1 tolerance and their oxy-
gen demand (Table 2).
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Table 2:  Degraduiion 5p of microorganisms thas can be fourd i compost (BEFFA es of., 1995)
T’::g:';:in:sw mt{:]::;m g':‘::h degradalion capacity r:r':f':t:t
Dacteria except | acrobic and/ | rapid |s  arganic and inorganic substances as well as gases (hydro- 5-8§2°C
Actinomysetes | or anaerobic gen, methane, carbon monoxide}

+ mineralization of pitrogen and sulfur compounds

= fixalion of stmospheric nitrogen

« production of humie substances (exopolysaccharides)

fiom crpanic monomeres

» dagradmion of lignin not d d
Actinomyceles acrabic slow |« organic maerial and hydrogen 10-65°C

* degradation of hemicelluloses, cellulose and Jignin
molds aerubic apid | = ocganic subsiances 5-62°C

+ colonization of maverial with a low water content (wood,

depd |eaves, .}

* imponam for the degradation cellulose and hemicelhul

yensts acrobic / rapid |= wtilization of soluble substances (mainly sugars) in the 2-45°C
anacrobic xid phase

s formalion of alcohol under oxypen shortage
Aphyllephorales |  acrobic stow [« degradation of the ligeo-cellelose-complex 245°C
Basidiomyceres

A succession of mixed populations can be obscrved as well as lemporally as spatially, due to the
impostant temperatuce and oxygen gradients thai build up in a compost heap; each population is
suited to 1the cnvironment produced by the previous one. Gencrally, heterotrophic organisms (those
that utilize organic compounds as energy source) predominate in the whole composting process, but
the presence of autatrophs, utilizing inorganic substances either present ia the waste or produced by
the heterotrophs, has been demonstrated, as well in the thermogenic phase (BEFFA ef al., 1996a) as
in the maturation phase (MARILLEY, 1994).

A controversy exists whether inocalation of the starling material with thermophilic microorganisms
is useful to speed up the composling process. Several authors (FINSTEIN ef al., 1986a; DE BERTOLDI
et al., 1983, GOLUEKE, 1977; FINSTEIN & MORRIS, 1975) 1ake the view that such inocula have not
proved beneficial, Spontaneous seif-heating of gathered biodegradable matetial occurs if the starting
conditions (sufficiant nuirients, water, axygen, and insulation) are met. Often, natural seeding with
recycled material from the composting process (reject from screening, in the order of 10 %) hap-
pens, supplying a large number of mictoorganisms adapted 10 the compaosting process. Alsa, the
fresh material is ineculated by contact with the various machings (shredder, from-end loader, turner)
used in the course of the composting process. GRAY & BIDDLESTONE (1971b) however stales that in
the case of composting of specialized industrial wastes that conlain only a low diversity of autoch-
thonoas microorganisms, the use of an adapied inecalum might be necessary.




Introduction . Composting - a chemical process

1.5 COMPOSTING - A CHEMICAL PROCESS

Composting can also be regarded as a chemical process, in which the substances present initially in
the biodegradable waste are transformed imo chemically different ones. OF couse, biological and
chemical processes are linked, as lhe enzymes produced by the microflora mainly effect the cherni-
cal transformarions. Purcly chemical reactions (awo-oxidation of lipids, ammonia conjugarion reac-
tions, auto-oxidation of some carbohydraies, phenols and quinones, formation of carbon disulfide
and dimethyl disuifide (DERIKX ef al., 1921} are minor compared 10 biological activity (MILLER e¢
al., 1989, citing NELL & WIRCHERS, 1978}

The input of the pracess is biodegradable waste, consisting mainly of garden, park and kitchen
wasle, exceptionally of sewage sludge. Chemically, the main components of thess subsiates are
cellulose, hemicelluloses and Yignin, in the case of grass clippings or kilchen waste also free sugars,
amino acids and fany acids, and Ihe polymers fats and proieins. The output under aerobic conditions
is new bacterial cells, COz, H:O, NHs, H:8 and compost; under anzerobic condilions new bacierial
cells, CO,, H, O, volatile fatty acids, alcohols, NHa, Ha8, CHy, Hp, CO and digested residue of mate-
rial not converled under anaerobic conditions.

1.5.1 LIGNOCELLULOSE

Lignocelluloses, a complex of the polymers lignin, cellulose and hemicellulose, provide the princi-
pal carbon and energy substrate for micioorganisms in the production of compost. Cellulose is a
lincar polymer of B{1—+4) Jinked glucose unils. Hemicellulose is the collective natne of a group of
branched heteropolysaccharides containing gluvose, mannose, galactose, xylose and arabinose. The
mujor plant hemicellulose is D-xylan, which has a backbone of poly-p(]—>4)-xylan linked laterally
to arabinose, glucoronic and arabinoglucoranic acid, mannan and palactan,

Lignin is an aromatic polymer of phenylpropane

callulosa units, based upon p-coumaryl, conferyl and
miziodibre callulose sinapyl alcobols. Free radical copolymerisalion
of these alcohols produces a heterogeneous,

cross-linked polymer. Because of its siructural

\q heterageneity, lignin is particularly recalcitrant to

microbial degradation

Wood is nearly all lignocellulose, straw more
hemicefhuioss, mainly ylan than 80 % (LYNCH, 1993). The plant cell wall
consisis of cellulose microfibres embedded in a
matrix of lignin and hemicelluloses (FRITSCHE,
{998; Figure 2).
Lignin and bemicellnloses can be cross-linked .
(LYNCH, 1953).
Free celiulose (approximaicly 50 % of the cellu-

_é"" é“ g losic fraction, accordingly to LYNCH, [993) and
Egn

hemicelluloses, e.g. 1the part not bound in the
lignacellulose complex, are relatively easily at-
n 1acked by many microorganisms {sec Table 2).

L

otn,

Figure 2:  Schemarie  depiction  of the  figmin-
cetiulose complex of plant ceif wails (fram FRITSCIE,
1998},
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However, the fraction prolected by Lhe lignin in the Jignocellulose complex (about 40% of the cel-
lulose contained in MSW,; STUTZENBERGER et 4., 1570) is difficulty accessible ro enzymatic attack.
Lipnin is primarily degraded by fungi {Basidionrycetes, especially Aplyllaphorales), most active in
the mataration phase, bat also by some actitomycetes and Gram-negative bacteria (PAUL & CLARK,
1089, ZIMMERANN, 1990}, The degradation process itself is a chain-reaction, triggered by a lignin-
peraxidasc, which creates reactive cation-radicals. Lignin degradation is always a co-metaholic pro-
cess, .. the microorganisms can nol wilize lignin as carbon and energy source, but need a growth
substrate, generally cellulose and/or hemicelluloses. In fact, 1he degradation of lignin serves mainly
to free hemicelloloses and cellulose from the lignocetiulose complex, and 1o make them accessible
to the microflora. Lignin degradation compounds {guinones and aromatic radicals) will recompose
spontaneously (polycondensation) to form crenic, fulvic or humic actds. These substances, topether
wilh exopolysaccharides, pepridic chains and ozidized potyphenols produced by the micraorgan-
isms or stemming from the plant material, constijule the dignin-humic complex characteristic ol a
malure compost (LyNCH, 1993).

All polymeric substances have to be cleaved by enzymes produced by the degrading microflora in
mono- or oligomers, in order 10 be taken up inlo the microbial cell. Composting is a solid process,
¢.2. microorganisms can only utilize those subsirates they are in direct contact wiih, by cleaving of
polymers with membrane-bound enzymes, and uplake of monomers. Otherwise, excretion of cxoen-
zymes and uplake of monomers takes place in the water film or the mucilage that surounds com-
post particles. Turning of compost is important to re-mix microorganisms andfor their cnzymes and
subsirate. Also, by the mechanical action of the tarner, clumps of compost and targe wood pieces
are broken up, and new surfaces are thus available for microbial attack.

The degradation of the monomers then happens like that of simple sugars, via the Krebs-cycle,
yielding, under aetobic conditions, ©0» and H;O, under anaerobic conditions (fermentation) volatile
fatty acids and alcohals, which serve as substraic for methanopenic organisms, and differemt gases
{CQ,, CO, Hj). Intermediate fermentation mclabolites are responsible for had odors, and can be
responsible For the phytotoxic action of composts produced under partially anacrobic conditions
(MASSIANT & DOMBIZEL, 1996). Meitane is a very potemt "preen-honse” gas (HELLMANR e af.,
1997).

1.5.2 PROTEINS

Proteins are polymers of amino acids and play an impadant rele in providing nitrogen for the syn-
thesis of micrabial cel) components and enzymes necessary for the assimilation of the carbon sub-
sirate (MILLER, 19923, Microbial cells have a carbon-lo-nitrogen {C:N) ratio of abont 10;1 {GrAY
&v BIDDLESTONE, 1971b). Starting materials For composting should have a C;M ratio between 25
and 35, taking into consideration that a large proportion (60-80 %) of the carbon is nsed For energy
production (GRAY &Y BIDDLESTONE, 1971b, ciling ALEXANDER, 1961), and 1har part of the carbon
is not available for degradarion {(KROGMANN, 1994). Higher C/IN ratios slow down the degradaiion
process because the microorganisms have to go through many life cycles, oxidizing off the excess
carbon, until the C/N ratio is reduced (GRAY & BIDDLESTONE, 1971b). Low C/N ratios will lead 1o
nitrogen losses in ftom of volatile ammoniac (FRICKE & VOGTMANN, 1994), MILLER (1993) anrib-
uted the nitrogen losses observed ai higher temperatures t0 the facl that the thermophilic microor-
panisms lack the enzymnes 10 degrade part of the carbonaceons substances, lowering \hus the avail-
able C:N ratio,

Proteolysis, the cleavage of the polymer, and ammosnificalion, the likeration of the amino group
from the amino acid, can be carcied oul by a large nember of micreorganisms, and starts when ihe
free sugars and amino acids present in the Fresh biowaste are nsed up. Free ammonia (NHi) is ina
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pH and ternperature dependent equilibrium with ammonivm ions (NH4*): (he higher both the pH
and the temperature rise, the more NH; is formed. Freg NH; is volalile, and can thus lead to N-
losses. 1t is also very reaciive, and can form stable products with organic matter {lignin, hamic ac-
ids) (KROGMANN, 1994; MILLER, 1992). The production of alkaline substances during the protein
degradation teads 1o a pH increase up to 2 pH of §. Due 10 the incorporation of ammonium by the
microorganisms and nitrification processes, the pH gets reduced in the maturation phase (FINSTEN
& MORRIS, 1975).

Nitrification (the formaution of nitrate from ammonium via nitrite) can either be performed by auto-
trophic or by heterotrophic micioorganisms. Awtetrophic nitrification is inhibited by temperatures
above 40°C {ALEXANDER, ]977) and high armmonia concentration, end takes thus only place during
the matatation phase (KROGMANN, 1994, DE BERTOLD & Zuccom, 1987).

Deritrification denotes the conversion of nitrate to Ny, leading 1o nitrogen losses from the compost.
DE BERTOLDL & Zuccont (1987) and CaSELLA & RUTIL {1990) mention the presence of denitrifiers
in compost, belonging 1o the genera Psewdomonas, Paracoceus and Bacillus. This process lakes
only place under reduccd oxygen partial pressure, and scems to happen only when enough soluble
organic matter ard water aie availahble.

DE BerTOLDI & Zuccon (1987) also showed the presence of N»-fixing bactetia {Azorobacter, En-
terobacier, Klebsiella, Bacitlus, Clostridium) in compost, especially during the matoration phase,
when ammonia and nitrate concentration, low oxygen concentration and temperalure were within
the hounds permissive for their growih.

At the end of the composting process, most of the nitrogen is gither bound in the biomass, ot in dif-
ficulily degradable mater like lignin or humic subsiances (KEELING ef al., 1994), and only very hit-
the is available for plant nutrition in the form of ammonium or nitrate (KROGMANN, 1994),

During the aerobic degradation of sulfur groups comaining amino acids, H;S and other volatile sul-
fur compounds are liberated, contributiag to the bad odors in the initial phase of composting (Haug
& ELLSWORTH, 1990). HaS can also be formed under anoxic conditions, when sulfate is reduced.
H;S on the other hand can be oxidized by aololrophs (SCHLEGEL, 1985).

1.5.3 DECOMPOSITION RATE / MATURATION

The goal of composiing is the production of a siabilized product that can be stored wilhout forther
treatment, and can be applied 10 land wilhow damage to crops. Degnee of stabilization is synony-
mous with extent of decomposition, in that puirescible, phylotoxic material is decomposed through
aerobic metabolism (MACGREGOR et al.. 1981). Composting at indusirial leve! also aims at maxi-
mizing the rate of decomposition to reduce the facility space necessary, and 1o shorien the phase
where odor problems could arise (FINSTEW ef al., 1986b). Furthermere, the required maturity de-
pends on the potential utilization: compost that is applied to fields, where it continues the stabiliza-
tion process, needs to he less mature than compost vsed it potting mixes (CHEN & INBAR, 1993).

In order to monitor and conmirol the composting process in view of the goals presented above, the
extent of decamposition has to be measured. Most often, the ecganic content of composi samples or
extracts thereof is determined. The follawing classes of organic substances are iesied:

Organic matter (OM), often also denoted volatile solids {V§), is the percam of dry solids or dry
weight {DW) lost by ignition at 550°C. Biological activity decreases the OM coment of the initial
substrate by converting organic waste derived C into €Oz On the other hand, new OM is farmed
during the composting process (humic substances, mictobial cells) (FINSTEIN ef al,, 1986h). The
meaningfulness of the OM content as a matorily indicator is limited, however, because it fails 10
discriminaie among readily metabelizable, puirescible material (sugars, amine acids, fauy acids,
etc.), less readily metabolizable material {cellulose, hemicelluloses), and orgamic maicrial that is
only metabolized te a mitor degres during any reasonable composting peried (lignin},
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Total organic carbon (TOC). The test for TOC is basically the same 1s for OM, only CO» produc-
tion by the combustion of the material s determined, and not ash conlent. The ratio of OM to TOC
for MSW compost was found to be approximately 2.1:), {FINSTEIN ef al., 1986b, ciling STEAD &
lrRwme, 1970). Therefore, total carbon is often not measured, but calculated by dividing the OM by
2.1, AMONYMOUS (1987b) proposed to use a factor of 2.3 when testing MSW, and 1.9 when 1esting
compost, based of the measured composition of waste in Switzerland. GRAY er af. (1973) reported
for a divisor of 1.8 an accuracy of 2-10 % compared to more accurate carbon analyses of MSW
composts. Regarding the use of TOC as 2 maturity indicator, the same critics apply as for OM.

Waler soluble organic carbon (WEQC). Most microorganisms in composts can only take up sub-
stances that are solubilized in water. Soluble substances such as sugars. amino acids, fatty acids,
elc., are cither presenl initially in the waste, or are obtaincd by the hydrolyzation of the polymers
contained in the solid substrates by the enzymatic activity of the compost microflora. The solubles
are either utilized immedialely by the microorganisms for their metabolism and cell growth, of are
accurulated in the water phase. As the composling process progresses, the soluble substances de-
crease. Various authors confirm the utility of WEOC as an indicator of compost maturity {CHEN &
INBAR. 1993; GARCLA ¢t al., 1980). 1ANNQTT ¢t al. {1924) reported a fast decline of soluble oiganic
C in the first 80 days of composting of MSW, The water exiract of immature MWS compost con-
sisted of sugars, phenolic substances, organic and amino acids, peplides and other easily bicdegrad-
able substances, while in the mature compost (6 months of composting), mest of the soluble organic
C was present &5 humic substances which were resistant to further decomposition. CHANYASAK &
KusoTa (1982) showed that with progression of the composting process, the proportion of large
molecular weight compounds in the waier extract increased, indicating the presence of humic sub-
slances.

CHEN & INBaR {1993) proposed to follow the change in soluble arganic C spectroscopically at
465 nm {lower end of the visible spectrom) instead of determining organic C by wet oxidation. Be-
cause slopes for different kind of composts were dilfereni, o calibration curve should be established.
LasaRiDi & STENTIFORD (1996) found a significant correlation between absorbance at 465 nm and
compost age for sludge compost, but not for poultry monure compost.

Blologlcal oxygen demand (BOD). Tests for biological oxygen demand are bused on serobic mi-
crobial degradation of the readily bioavailable compounds. The standard 5-day BOD test used for
sewage shudge has been adapted [or compost suspensions: the oxygen decline was followed at 30°C
for about 24 h, with inserted periods of acration (LASARIDE & STENTIFORD, 1996). Another nethod
consists in measuring the axygen concentration in the air space over a solid compost sample placed
in a sealed container (IANNOTTI ef af., 1994), After acralion during 16 b, the disappearance of O- i3
followed during 1 h at 37°C. Comparisons of the iwo methods showed that the respiration rates
were highly comelated. but that ihe test in the compost suspension exhibited up to 6 limes higher
values {LASARIDt & STENTIFORD, 1996).

In the methods book for the analysis of compost published by the German Federal Compnst Quality
Assurance Organization (ANONYMOUS, 1994c), a method measuring the oxygen depletion in a res-
pirometer at 20°C jn a 6 h thythm over 4 days is stipulated.

FORSTER ef al. (1993} found a very good correlation between oiganic C and respiration rate in com-
post suspensions (mg COygDW-d').

One problem encountered with such measurements is the inhomogenesty of the samples, lhe ideal
test temperature and the standardization regarding the water content of the sample. Comparisons
between different composts are only possible on the basis of OM, or better WEOC content of the
samples.
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C/N ratio. The C/N ratio is an impartant quality parameter when osing compost as a soil amend-
ment, because maeletials with a high C/N ratio can immaobilize soil nitrogen by the ongoing decom-
position of the carbonaceons substances once the compost has been applied to seoil. The ratio de-
creases as composling progresses becanse of the convetsion of otganie C to CO; (FINSTEIN ef al.,
1986h). At the same time, part of the nitrogen can be lost in form of NH;.

C/N ratio can either be measured in the compost or in an aqueous extract. Normally, a C/N ratio of
less than 20 in mature compost is thought to be desirable. However, C/N values measured in suffi-
cienily stabilized composts varied between 5 and 20, depending on the 1ype of raw material. The
C/N ratia in the water exiract, on the other hand, showed 1o be 2 reliable indicator of compost ma-
turily, as it reached, independently of the composition of the starting material, a final value of C/Ngy
of 5-6 {C1ANYASAK & KUBGTA, 1981). GARCIA et al. (1990) also found a good correlation between
waier-soluble C/MN,, ratio and the degree of lighiness of the compost measured with a color ana-
lyzer, except for composts with a Tow (< 15) initial C/N ratio.

Qlhers. The calion exchanpe capacity (CEC) of composts is related to the amount of humic sub-
stances {FORSTER et al, 1993). INBAR et al. (1990) showed a quile parallel evolution of CEC and
bumic malerial in cattle manure compost. In MSW compost, however, the CEC of the humic sub-
stances can vary widely, due to the blocking of their exchange siles by complexing jons (MATHUR of
al., 1993).

The German Federal Compost Quality Assurance Organizalion (ANONYMOUS, 1994¢) has devel-
oped a test for the determination of the dggree of rotting (Rottzprad) based on self-heating of the
compast in an open Dewar vessel (1.5 1), Temperature i3 measured in the lower third of the vessel.
for at least 5 days, and the maximuin temperalure recorded. The rotting degrees are assigned | (T
60-70"C) 10 V (Tyyy 20-30°C). Compest with rotting degrees II and )T is designated as fresh com-
post, such with a rotting degree IV and V as finished compest.

The ultimate evaluation of compest has to be based on bioassays, c.g. the germination of seeds or
growlh of planis (cress, barley, ryegrass, tomato or lettuce seedlings, etc.) in compost/soil mixtures.
Considering matoration of compost, it has always to be taken in mind that the ¢nd use dictates the
level 1o which the product most be stabilized. For example if compost is 1o be used in poiling mixc¢s,
over 50 9% of the orpanic matter has to be depraded (KEENER et al., 1993), whil¢ in composts des-
tined for agriculture, a first stabilization, attained normally afier a few weeks of compesting, is suf-
ficicnt.

1.5.4 PH

The pH value of composting material drops in associalion with organic acid formaltion at the early
stage of composting {NaKaSakl ef al, 1993}, due to either acrobic or anaerobic processes
(GOLUEKE, 1977). In the conrse of composting, these acids are either further degraded or volatilized.
At the same time, ammoniam is formed by the hydrolysis and desamnination of proteins (ammo-
nification). These two processes combined lead to a rise of the pH (see Figure 1). The pH of fresh
biowaste depends on its camposition, but also on the duration of storage before delivery to the com-
posting site (KROGMANN, 1994).

Delay of the decomposition of organic matter at the early stages of compesting when the pH is low
may be caused by an inhibitton of microbial protein decomposition in the raw material; optimal
protein degradation being observed between pH 7 and 8 (NAKASAKL ef al., 1993).
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1.6 COMPOSTING - A PHYSICAL PROCESS

Composting is also a physical process, in that factors like temperature, humidity, sirflaw or perosity
affect the microbial community, and therefore the degradation process.

1.6.1 STRUCTURE

The compost matrix is a network of solid particles forming pores of different sizes, Structure is a
function of the stiffness of the particles, and their ability to maimain this stiffness also ar high water
content. It is influenced by the nature of the biodegraduble waste. Porosity describes the volume of
the free air space, cxpressed as perceniage of the 1otal volame {GOBAT ¢f uil., 1998). 1t is determined
by the shape, size and structure of the particles, and the height of the cnmpost pile, as self loading
leads 10 compression of the material a1 the base (HARCER et al., 1992). The pores are illed with air,
water or both (KROGMANN, 1994). For an adequate oxygen supply, the free air pore yvoluine is im-
portant. SCHUCHARDT (1990} cited an optimal structure if the free air pore volume is > 50 %, and
IeRIs & REGAN {1973) suggested that a minimum free air space of 30 % should be maintained.
Water, necessary on the one hand for the nutrient optake by the micraorganisms, hinders on the
other hand the diffusion of oxygen into the pores hy an increase of the aqueous film thickness
around individua! particles, and by filling the small pores with water by capillary action (see also
Chapter 1.6.4). Shredding 1the material provides an increase of surfaces {or microbial attack, but the
particles have to be siill Jarge enough w0 maintain 4 certain porosity (KROGMANK, 1994}, Turning of
the compost eflecis 2 loasening of the materal, thereby decreasing bulk density (MICHEL et al.,
1996). With ongeing degradation of organic matier, and mechanical size reduction of woody parti-
cles, the porosity of ihe compost decreases,

1.6.2 TEMPERATURE

Temperature is a key factor in the composting process. It delermines the growth rate, metabolic ac-
tivity and type of community structore’ of the compost organisms. Temperature s also the main
factor influencing the survival of pathogens present in compos! (ANDERSON & SMIT, 1987). High
composting tempermures alse increase degradation, considering that for a given enzyme, acivity
rates double with a 10°C iemperalore increase, until the inactivation temperature is reached
{(MiLLER, 1992} Usually, enzymes are more thermostable than 1hc organisms that produce 1hem
(MADIGAN et @l 1997).

Temperature increases as a function of metabolic heal evolulion of 1he degrading microflora and
heat conservation due to the natvrally insulating property of organic waste (MILLER, 1992; DE
BerTOLD) & ZuCcCon], 1987). Heat storage is an imporant fagior dwing the initial stage of rising
temperature. 11 is mostly determined by water because of the high specific heat’ of H,0 (MILLER,
19925, Heat accumulation leads to fiigh temperaturcs that severely inhibit further micrabial activity
(FINSTEIN & MoRrRIS, 1975). The absolute maximum temperature achievable in camposts is 82°C, al
which point biological activity and metabelic heat evolution cease (FERMOR et al., 1979; SULER &
FINSTEIN, (S77).

3 The hest capacity (C) of a piven mass of 8 substance is the amount of heat required ko raise lhe temperature of the
mass by (°C. Specific heal is Ihe heat capacily of one gram of a substance. For waler: C = 4.18 I/g K™ (MORTIMER,
157, :
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The temperature that can be measured at any point in a compost heap is a function of the rates of
heat ¢volation and heat transfer (= distribution of heat within the composting mass, and its re-
maval).

Metabollc heat evolution is affected by the follawing faciors:

+ the chewical compaosition of starting material and thus the nacrient content and its availability far
microbial metabolisms (GRAY & BIDDLESTONE, 1971a)

» the moisture content {sec Chapter 1.6.4)

+ the comnpaost temperature, which effects a feedbuck control on the activity of different gronps of
compast miicrenrganisins {growth temperature ranges of the different groups sce Table 2)

e the turning frequency: stimolation of the microbiul activity hy redistribution of nmtrients and
oxygen

» the axygen input, because only aerebic metabolisms generate lurge amounts of heat

* the particlc size; size reduction of particles by shredding leads on the onc hand 1o an enhanced
substrate availability theough increase of the surface (GrAY & BIDDLESTONE, 1971a), on the
oiher hand (o a reduction of free air space, and therzfore to lower rales of activity because of
oxygen transfer linitations (MILLER &1 ai., |983; see also Chapter 1.6.3)

. C 4 . . .
Heal transfer niechanisms are radiation” {a miuor factor that can be ignored), conduction’, convec-
tion®, evaporative caoling’ and sensible heating.

Conduction in the bulk compost mass is low, between that of wood (0.17 W-m'>C") and that of
watcr (0.56 W-m''-°C™") (MILLER, 1992), Also, the air-filled potes inhibit conduction. In small com-
posting masses with o large sarface area/volume ratio, however, conduction can be a significam
factor. Experiments by MICHEL ¢f al. (1998) showed lower temperatures in a windrow (4 m wide
and 1.2-1.5 m high, with a surfacc asea to volume ratio of 1.6-1.9 m¥m?) compared to a pite (radivs
of 4 m, height of 3 m, arearvolume ratio 1 m%m).

Moving air in o compost heap, either produced by artificial aeration or by convection, or a combi-
nation of beth, leads to heat removal. Abow 90 % of the heat is removed by evaporative cooling
because of the high heat of evaporation of H;0; 1he remaining 10 95 by sensible heating of the air
passing through the conpost (MACGREGOR et al., 1981). Turning of the compost also leads to sig-
nificant heat removal through cvaporative cooling (MILLER, 1991).

Controlled removal of heat can only be achieved by artificial neration, eflen executed 2s temperature
feedback-controlled ventilation (FINSTEIN, 1992). The often-recommended action of tuming to re-
duce femperature cerlainly removes heat, but, at Jeast in the active phase of the composting process,
stimulates micrabial activity, and leads o more heal production. Measures 1o control compos! tem-
perature by inhibiting heat evolution are not advisable becanse they wonld intarfere with oplimal
microbial activity, slowing ihus the whole composting process down.

? Raliation: nission of cncrgy {in this case heal) in form of waves or particles {ANONYMOUS, (98T)

¥ Conduction: the transfer of hen beiween 1wo pans of a slalionary system, caused by & iemperature differznce hetween
the patks (ANONYMOUS, [DE7)

f Canvection denotes a heal-iansfer mechanism driven by bupancy differences caused hy differenlial lempeistures in a
fluid media (air) {MRELER, 1992).

b Exaporative enoling: the cnergy required 1o cvaporarc water from compost is iransferred from the composting mass,
leading 1o 015 temperaiure decrense. The heo of vaporizalion of waler, e.g. the energy necessary 10 vaporize 1 mol of
water, is 40.7 klfmaol, or 2260 Mg (MORTIMER, 1977).
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By (he moving air in a compost heap, either due o convection {in the case of open-air windrows) or
artificial aeration {in box or trench composiing or in a closed bioreacior), a temperature gradient
builds up (HOGAN et af., 198%; KUTER et al., 1985), according (o the physical phenomena explained:

« sensible temperature increase along the aicflow pathway

« influz of cold and dry air at the lower part of the windrow due to conveciion that produces an
upwardly curved convective pathway {"chimncy cffect™), or at the point of air emiry of the veni-
lation sysiem

+ heat conduction at the surface of the heap

« Jess importani heat siorage, due 1o dryer material at the surface, or in the case of anificial acra-
ton, at the point of air entry

Figure 3 depicts the possible zones of heat production and heat removal in an open-air compost
windrow, as inferred on the basis of extensive femperature measurements in such a heap (sec
Chapter 3.2.1). The coldest zones are in (he middle of the heap, a1 1he base, where lillle convection
occurs, and where free air space is limited, due to the compaction of the material. Also in the tower
part of the windrow, but more towards (he outer edges, are zones with maximum heat evolution:
due 10 the inflowing fresh air and thus good oxygenation, microbial aclivity is maximal, At the apex
of the heap, hot aod humid air leaves the windrow, which can be observed by a small stripe of hu-
mid compost material, due to condensation. Heat removal also happens from the sides of the wind-
row by conduction.

zone of haal remaval
[convecilon)

zane ol maximum
hoat storage
zone ot minimum heat evolution

20na ol maximum (limitad oxygenation)

heal avolution

{maxImal cxyganailon) 200 of heat vai

(canductinn)

alr flow

Figure 3:  Zones of hear produciion and hear removal in a compost windrow.

Many authors report this (emperature gradient (FERNANDES ef al, 1994; INBAR ef al., 1990;
STENTIFORD et af., 1985; IACOBONI, 1983) and comment on the insufficient pathogen inactivation in
the cooler zones. However, no investigations were made about the uneven biological activity, and
their effect on final composr quality (MILLER et al., 1991}

Due to the lemperature gradient, at any moment all of the three eplima mentioned by STENTIFORD
{1996) are met in one and rhe same compost heap: > 55-60°C for maximum sanitizarion, 45-55°C
for maximum biodegradation, and < 40°C for maximum microbial diversily. If a sufficient tem-
perature gradient exists, il is thus pot necessary to fix a temperature ceiling of 53-65°C, as often
recommended (KUTER er al, 1985; MCIKINLEY & VESTAL, 1984; MACGREGOR et af., 1981), hascd
on the works of FINSTEIN & MORRIS (1975). The Iater stated that compost lemperatures above 65°C
lead 1o *microbial suicide. Their findings were ¢stablished on the basis of experiments carried out in
static bench-scale systems, with homogenous temperatures in he whole composting mags, not rep-
resenting reel situations encountered in cven well insulated large-scale systems.
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Own experiments at our labmatary with a bench-scale composter (14 liters) showed that when no
temperature conirol was applied, and > 70°C were reached, the composting process came (o ar end
already after 24 hours. Hypothesis is that at these homogeneously high temperatures, no degradation
of polymers conld happen, and the process stopped as soon as the soluble substances were used up
(PIERRE-FRANCOIS LYON, personal commuanication). SCHULZE (1962) succeeded to carry out long-
term experiments in a bench-scale system by using a continuously fed composting reactor with a
consiant mixing of the mass. In this way, easily degradable material was constantly supplied, and
maximal activity of degradation was scen at approx. 70°C,

The tcmperature-time function is the major factor influencing the death of pathogens during com-
posting (HAUG, 1993, ANDERSON & SMITH, 1987), even if other mechanisms can lead to the climi-
nation or reduction of pathogens: concumence by saprophytic micreorganisms (antagonaism), pro-
duction of aatibiotics (KROGMANN, 1994; HaUG, 1993), or predation by profozoa and microinverte-
bratcs (NESSt, 1994).

Thermohygienization, e.g. the reduction or elimiaation of potential pathogens by the high lem-
peratures of the thermogenic phase, is very impottant for industrial scale composting, because the
maturation phase, during which antagonism and antibiotic praduction mainly occur, are normally
very shanl.

The thermoresistance of microorganisms is usually tested in 1he laboratory, with reference strains,
and often in a liguid environment. Under these conditions, most of the mesophilic organisms. are
destroyed in a short time at temperstures exceeding 55-60°C. However, inactivation under field
conditions may be much different from that observed in the laboratery due to clumping of solids,
ittegular emperature distribution, incomplete mixing and microorganism regrowth (HAY, 1996).
FLip (1978) found that the association of bacteria with compost particles (humic acids, bentonite) in
a compost suspension aliowed them ta tolerate greater heat siress. The release of some metal calions
from colloids and the protecting effect of colloidal envelape around the cells may decrease the sus-
ceptibility of compost microerganisms 1o heat.

1.6.3 AERATION / O, AND CO, CONCENTRATIONS

Composting is by definition an aerobic® process: O, has to be supplied to the compost in order to
compensate for the amount used up by the degrading microorganisms. The O; status of a com-
pasting mass is therefore defermined by its mates of utilization and supply {MBLLER, 1992). High or
low rates of these two factors can result in similar Q; levels (MACGREGOR et al., 1981). Air re-
quirements of the microorganisms are dependeat on the type of waste (autrients; stracture, which
influences the free air space), process temperaiure, stage of the process and process condilions
{moisture content, compaction} (STENTIFORD, 1996). Besides providing oxygen, the provision of air
also removes waste pases like CO; and NH,, excess moisture aad heat (LETON & STENTIFORD,
1924).

! perobic = necding oxygen (o1 its existence; anaeroble = not necding oxygen lor existence (COLLEY, 1992)
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Anaerobiosis® has to be prevented because it leads to a smaller rate of heat evelution and the pre-
duction of undesirable intermediate metabolites that are the cause of bad odors {(propicnic and bu-
tyric acid, sulfur compounds and ammonia), phytoloxicity, and the pml:lucuon of greenhouse pascs
(mcthane, N2O), Reference is often made to conditions being oxic'™ or anexic', but a more realisiic
concep is 1hat of a gradient between highly oxidizing and highly reducing condilions: oxic and an-
exic microcnvironments can cocxist wilh close proximity (MILLER, 1992). Measuremenis only al-
low detecting inerstilial gas concentraiions, while variations in the microenvironmenis are 1nosl
probable, Obviously, oxygen ulilizalion rates strongly affect 1the apparent interstilial oxygen con-
centration (MILLER ef al., 1989).

In unvented composting systems, air is supplied te the compost through convection-induced mass
transfer ("chimney cffecl”, see Figure 3) and gaseous dilfusion driven by conceniration differences
between 1he interior of the heap and ambient air. Convection will bring fresh, oxygen-rich air inte
the large porcs of the pile, while diffusion from the imerstitial atmosphere through the small pores
and the water film surrcunding the compest panicles is responsible for 1he oxypen supply of the
microcrganisms. It is stated thar oxygen will not limil compasting if 10 % inlerstitia) oxygen is pre-
sent {SULIR & FINSTEMN, 1977). Thick water films in overly hydrated composis {see also Chapler
1.6.4), and small pore sizes will hinder the oxygen diffusion,

Antificially, air can be introduced inlo the compost by the action of blowers, who either push (posi-
tive pressure) or suck (negative pressure) the air through the compost. Experitnents carricd ow by
STENTIFORD ef i, (1985) showed that negative pressure {sucking) aceation normally produced high
core temperaiures but relatively [ow peripheral temperatures, whereas the reverse applied to the
posilive pregsure {blowing) system. In the view of maximal pathogen inactivation, 1he author is of
the opinten that a hybrid sysiem with an initial negative pressure would be suited hest. In the forced-
pressure direction, heat and vapor are remoeved more efficiently, bul vacuum-induced direction is
still used widely because of a better odor control (FINSTTIN et al., 1986a).

Air is also introduced inte the compost during luming, but the oxygenation is only mementary, be-
cause the iuming noimally leads to an enhanced miceolial activity, and thus to a faster O wiilization
{GRaY & BinDLESTONE, 1971b). The beneficial effect of windrow lurning on aerslion is most
probably a loosening of the composting mass, bringing about an increase in free air space. The
combinatien of artificial acration and turning would be ideat (STENTIFORD, 1996), combining \he
advanlages of a maintenance of oxic conditions with the re-mixing of the composting marcrial in 1he
view of homegencus temperature, nutrienl and moisture distribution, and the breaking up of prefer-
emlial air channels which lead te uneven acration (MiLLER, 1992).

Composiing windrows without {orced acration tend te vary greatly, both temporally and spatially, in
oxygen concentration (MILLER ef al, 1991), Different awhors (MILLTR ef ai., 1989: RANDLE d
FLEGG, 1978) have demoastrated variations between the inner pants of 2 compost windrow, and Ihe
outer layers. Bui also serated syslems can show oxygen gradients, alihough 10 a lesser extem; DE
BERTOLDE &t af. (1985) siated that uniform oxygenation of heaps tha exceed a height of 4-5 m can
not he obiained: the lower part of the mass gets over-ventitaled with excessive cooling nnd drying,
and the upper layers are insufficiently acrated, becausc the air, while passing through the composi-
ing mass, looses oxygen.

® aerobiosis = hinlogicel aciivily which occurs in Ihe presence of oxygen; anperohiosis = hinlogical aclivily which
| eurs wilhoul 1he presence nf orygen (COLLIN. 1992)
cnc = axygen-comaining environmenl, usually highly reducing (MAQIGAN &1 al., 1997
Y apoxic = oxygen-free enviromnenl, requemiy highly oxidizing (MATIGAN £1 al., 1997
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In experiments with naturally aerated mushroom composting stacks (2.2 m wide, 1.8 m high),
MILER ef al (§989) found the following interesting comelation between temperature and oxygen

{Table 3):

Table 3:  Relwitonship between temperatire and oxygen conceniraiion in @ naurally aerated campost {from MILLER ef
al., 1989).

temperalure | OXYRen conceniration

a1 the heginning of the process

= G5°C s low {< 2 %) because of high micrabial activily
s e of oxygen ulilizalion exceeding Lhe rale of pxypen supply
» B5°C = medium (2-10 %) because of decliving microbial activity due Io inhibilivety high 1emperatorcs
» rate of oxygen wilizalion below the rate of oxypen supply
20-60°C » _high{i3-20"%) in zones at Ihe surface, because of gns exchange with 1he surrounding air
1awards the end ol 1he precess
<85°C »  high { 13-15 %) because of low microbial activity due 10 substrate depletion or drying
» _raic of oxygen wiilization below the vale of oxygen supply

The control of aeralion in artificially oxygenated systems can be exerted in two ways: by cither
measuring the (emperature or the oxygen confent m the compost or in the outlct air. When tem-
perature is eantrolled a 60°C, as suggesied by the group of Finslein (FINSTEIN ef al., 1986h;
MACGREGOR ef al, 1981} 10 be in the range of maximal decomposition rate, thorough aeration is
believed 10 be autamatically ensured, because about 9 times mare air i necessary to remove heal
than to supply enough oxypen to maintain aerobic conditions (FNSTEIN & MORRLS, 1975). This was
contested by STENTIFORD or al. (1985) who shawed that in (he firs! phase of the composting process,
temperature coniralled zeration did not supply enough oxygen, and that a combined system with
temperalure and oxygen contrel was required. In any system where the 1emperature is conirolled at a
level assuring maximal decomposition (55-60°C), the strong aeration leads 1o a high water loss of
1he systemn, making finally dryness the rate-limiting factor (FINSTEIN ef al,, 1983).

In any system (windrows or boxes) the poin! where temperature or oxygen cantent is measured in
ihc compast heap is of big importance, because of 1he large temperature and oxygen gradienis. A
system praposed by STENTIFORD et al. (1985) used several thermocouples to measure and control
temperature. The evolution of lemperature was also monitored, to determine the phase of compost-
ing {scif heating, temperaure plateaw uader feedback coniral, cooling due to substrate depletion),
and to control temperature accardingly

Air i3 normally not applicd cortinucusly, but in short bursis 1o allow 2 beticr distribution of oxygen

and temperature to all portions aof the pile (HiGams, 1982). There seems 1o be, however, no "s1an-

dard aeration cycle”, and no iiterature cxists where differem maodes of acration are compared. The
following acration regimes were applicd:

s LETON & STENTIFORD (1990} reporied for sucking acration of a sludge/waodchips mixture a cy-
cle of 6 minules operation and 18 minules pause. He proposed for tewperature conirolled com-
posting variable acration times up o 15 minues in 2 20 minute cycle.

« BMDLESTONE & GRAY (1987a) applied 2 regime of 7 minutes aeration every hour for the com-
posting of vegetable wastes mixed with straw.

s FINSTEIN &f ai. (1986b) used in his experiments with wcmperature controfled sludge composting a
pascline blowing seration of 1.5 minutes every 15 mimies. Only once the set poiat of the control
lemperatere was reached did continuous acration start.

at
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* PEREIRA NETO ¢f af. {1985) employed for the composting of MSW mixed with sewage sludge an
aeration of 3-10 min. every 15-20 min.

» DE BERTCLD! et af. (1982) repotted for the composting of MWS mixed with sewage sludge a
cycle of 40 seconids suction every 13 minttes.

o Hioovs (1982) recommended for negative pressure compaosting on a fixed acracion schedule of
15 minuies aeration and 15 minutes pause.

Comparisons of ameunt of air used for aeration among different systems from the literature are not
easy: cempost volume instead of weight is used, and it is often not clear if the total amount of air is
indicated, 1aking in1o account the momnents of the cycle where no aeration occurs, or if the amounts
given are thar of a single aeration cvent, HAUG {1986) reported peak demands of 100-150 m fh-tres
weignt IRt @ temperature controled (60-65°C) blowing systems. HIGGINS {1982) indicated airflow of
10-15 m*Meteen weighi for @ fixed schedule sucking eperation aiming st maimaintng imerstitia) oxy-
gen content of 5 %.

Only estimations exist about the air supplied by natora) aeralion. Op DEN CanF (1987), cited by
MRLER et al. (1989), reported convective mass flow in namrally acrated mushroom compost stacks
of 6-8 m¥m® i, corresponding to 7.5-10 M /N-Anesh weigt {assuming a stack height of 2 m, and a den-
sity of 0.4 ¢m’).

The measurements of O, consumption or CO; production, respectively, either.directly in the com-
posting mass afier acration, or in the outiet air in a closed system, can also be used o determine the
rate of microbial aciivity, and therefore the decomposition rate (FINSTEIN e1 af., 19B6b).

1.6.4 HUMIDITY / Aw

Growth of microorganisms is onky possible in an aqueous solution, £.g. in the water film that envel-
ops the compost particles. Also, uptake of nutrients takes mainly place if they are dissclved in water
{KROGMANN, 1994; MILLER, 1992).

But not oaly a water deficiency, also a water surplus can impair the composting process, in that the
water film surrounding the compost parlicles increases. The oxygen diffusion through water is
10000 times slower than throngh air, explaining why a too high initial moistare content leads wo
anoxic conditions (MILLER, 1989), The maximum waier content a material can hold (up to full cap-
illary saturation) is dependent on the material itself; FERNANDES ¢f al. (1994) reported that satura-
tion with water occurred in straw at 77 % water content, in peat at 85 %. KUTZNER & JAGER (1994)
recommended a maximum water content for composting of 74-90 % for weod (sawdust, mulch,
bark), 75-85 % for straw, 55-65 % for paper and MSW, and 50-55 % for biowaste (kitchzn wasie,
grass clippings). But in MSW already at a moisture content of 60-65 % the small air pores become
water filled (matrix effect due to capillarity}), creating water filled zones between pacticles (MILLER,
1989).

‘The initial moisture content of mixed garden and kitchen waste ranges from 60-70 % (KUTER ¢ ol ,
1985).

Water is produced in the course of the composting process by the metabolic breakdown of organic
matter, but this is largely compensated by the loss of water through evaporation, caused by the self-
heating of the material (FINSTEN ef al., 1986a). Temperature-controlled ventilation causes 2o inten-
sive drying of the composting material, because heat is removed mostly in the form of the latent
heat of vaporization of water (HOGAN er al., 1989). The composting process should operate with
moisture contents in the 40-60 % band {STENTIFORD, 1996), 1he addiijon of waer during the process
i5 therefore often necessary.
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This is not possible without re-mixing the materiat ac the same time (KEENER et al., 1594). Ar the
end of Lhe composting process, a water eontent of 40-50"% should be reached, in order 1o facilitate
screening.

Regarding the minimal waler content below which a marked inhibition of microbiological activity
occurs different values can be found in the lilerature: STENTIFORD (1996) stated 30-35 %, KEENER ez
al. (1994) observed reduced activities already at 35-4¢ % moisture, and BIDLINGMAIER (1994)
stipulated a minimal water content during the heat phase of 40 %. In the publication of the U.S. En-
vironmental Protection Agency Office of Solid Waste and Emergency Response (ANONYMOUS,
1993), 40-45 % moisture are indicated as slowing down the process, while below 20 %, no micro-
bial activity is possible any more,

1t has to be mentioned, 1hough, that not (he water content per se, but the "free” water available to the
microorgenisms, e.g. water in the biofilm surrcunding the compost particles and capillary water, but
not the osmoticatly bound water, is of importance. The water activhy" (aw), depending on the
chemical and physical properties of a substraie and its water content, expresses the amounnt of water
at the disposition of the microflora: most bacteria require an a,, value of more than 0.98, while fungi
tolerate generally a lower aq down to 0.80 (SCHLEGEL, 1985). Xerophilic strains are stll growing at
an ay of 0.75 (RE1ss, 1986). MILLER (198%) proposed not to measure the a,, which is quite insensi-
tive in moist conditions, but the malric waler potential, which describes the associalion of waler
with a malrix, based on physical attraclion (energy with which water js held within capillaries and
on surfaces). He reports a matric poiential of - 10 kPa at the beginning of the composting process
(comesponding te 65 % water contenl), going down to -90 kPa towards the end, when the waver
content had been reduced to 25 %.

Tabie 4: Warer content (% of FW) and a, of source Only one reference was fonnd about the a, of
separated biowasie as a funclion af composiing time. compost (Table 4), bul several investigations
Range of 3 samples (Miersew el al,, 19974). were made about the degree of drying neces-
week whaier content a, sary io prevent seli-heating of bay or straw

4 56.6-59.2 % 0.95-0.99 {Table 5).

1 536574 % 0.97-098

5 55.2-585 % D98 The data from the bipwaste compost show that
L 48.5-52.9 % D98 a water eontent above 40 % provides a water
11 41.3-49.4 % 0.97-098 activity largely sufficient for microbial aclivily
for composting (around 0.54; KaANEKO &
Table 5. Warer content (% of FW) and a,, of differen FuITA, |988). 2. values at 40 % water content

bsirutes / teri ing. . . .
Substruies / raw maicrils for campasting are slightly lower than in hay or grain, most

substrate | WAl€T a, referenee proPany due the I_mmic substanct_zs produced
conteni during the composting proeess, which can hold
hay ar 3% 0.65 _[L¥NcH & HOBBIE, a great amount of water, The minimal water
graln 25% 093 | 1988 content of biowaste providing an a, sufficient
3% | 0% for bacterial growth would thus be higher than
0% 1.00 with straw or hay, probably in the order of 30
hay <30 % <096 |LACEY, 1994

30-35 % | 0.96-1.00
> 35 % 1.00

shredded % 0.04 KaNEKO & FUITA,
flewspaper 1988

"2 the ratio of e partiol waler vapor | & over a4 subst o1 a solwlton cormparcd 1a thal of pure waler
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Rapid drying io moisture levels less than those mentioned above can produce an appareni end io the
imitial phase of corposting, when in fact the process is stopped prematurely due to desiccation. This
can cause difficuliies fusther down the line when the maierial is rewet: uncontrolled biedegradation
takes place, often under anoxic conditions, with the associated odar problems (STENTIFORD, 1996).

YEAGER & WARD (1981) found that potentially pathngenic bacteria in dried sludge were exiremely
resisfant to inactivation, and that regrowth frorm snch maierial occurred if it was rewelted.

FRICKE (1988) demonstrated in open-air windrows o humidity gradieni similar io that of tempera-
ture and oxygen, After 2 weeks of composting, the inp and the base of the windrow were much
wetter (55 % Hy0) than the center or ihe lateral surfaces (45 % Hz0). The top was more humid be-
cause of condensation, the boltom becausc of the preszure of the maierial. In ventilated systems, the
material tends to dry at the point of the air entry (LETON & STENTIFORD, 1990).

1.6.5 MIXING / TURNING

Tuming of compost heap mixes the compost materials, increases porosity, promotes drying through
release of waier vapor, and exposes the cornpost mass to high interior temperatures so that adequate
pathogen destruction occurs (Hay & KUCHENRITHER, 1990). The widespread belief that furning
oxygenates compost i3 only partially comrect. Own measuremenis showed that the exygen intro-
duced info the composl by fuming was used up in less than one hour in the thermngenic phase of the
process (TRELLG BEFFA, personal communication). This can be explained by the activation of the
microflora by the mixing of the compost material, redistributing microerganisms, exoenzymes pro-
duced by them, nutrients and water, as well as augmenting the surface for microbial attack by
breaking apart clumps of malerial or large wood pieces. Also, the increased porosiiy and the drying
effect have a beneficial effect an aeration, lzading to increased microbial aciivity. Although rpany
apthors endorsc the opinion that tuming accelerates the composting process (ANONYMOQUS, 1993;
SCHUCHARDT, 1990) astonishingly little scientific information is available aboui tuming machines,
their mixing efficiency and the effect of tnming frequencies. SCHUCHARDT (i990) gives an over-
view of the compost lurners available at the moment of his publication.

Hay & KUCHENRITHER (1990} proposed thal the toial nymber of tumings per cycle should be based
of the size of he sub-lethal zone (< 55°C) and the desired degree of disinfection, STENTIFORD
(1996) objected that with nuirient rich wasies such as the organic fraction of MSW, cycles based an
temperature sneasurements (55-60°C core temperature) would lead to very lrequent turnings iv the
early stages of the composting process that would not be economically viable. He proposed a modi-
fied turning sequence frequency, starting with a frequency of one toming each 3 days and extending
later to one inrning each 5-7 days. Because in acrated systems, water becomes quickly the rate-
limiting factor, KEENER ez al. {1994) suggesied to base the remix frequency on moisture control.
The same authors also stressed the importance of mixing for acrated systems, to prevent the forma-
tion of prefersniial air channels witch interfere with a homogenous aeration of the whele compost-
ing mass.

Research by Iacaonomt (1983), cited by HAY & KUCHENRITHER (1990) had shown that a turning
frequency in open-air windrows of 3 times per week provided a salisfactory pathogen kill and en-
sured adequate drying rates.

Hay & KUCHENRITMER (1990) reported that windrows that were turned 12 times initially did not
achieve a higher temperature than windrows turacd only 2 times.
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Results obtained by MICHEL ef al. {1996} about the effect of the turning frequency on yard {nmming
composting showed no big difference between mean temperature and oxygenation in a windrow
tumned every 4 days with a specialized tuming machine, compared 1o one tumed once 3 month. He
found, however, differences in moisture loss, in that the more frequently tumed windrow dried
faster, and in bulk density tkg cmnposﬂm’). which increased fasier undei 2 high turning repime.
This influeaced repect during screening (10 % by screening at 10 mm for the frequenily wrned wind-
row, but 25 % for the monihly turmed ore), which is an important facior when looking at the
throughput of a composting installation. Furthermore, composting time could be reduced by the
frequent turniog 1o almaost halt (60-80 days insread of 120-150).

KUHN ef af. (1995) compared windrows that were turned twice a week with a special urning ma-
chine with such that were only turned every 2-3 months. He found that the former reached a similar
maturily (measured as self-heating capacily) in 7.5 weeks than the latter after during 110 weeks of
composting.

HELLMANK e al. {1997) reported that neither irace gas (N,0 and CH,} emissions nor microbial di-
versily were influenced by the turning frequency (twice a week versus once in 3 weeks),

HELM (1995} investigated the influence of the turning frequency (1, 3, 7 or 28 days) on the tem-
perature, dry weipht, CO; concentration, TOC in the air, pH, OM and bulk density evolulion during
the composting of mixed garden and kiichen waste. He found for the windrows treated with a high
turning frequency less emission of bad odors, a mare rapid pH increase, an accelerated degradation
(tested by auto-heatiirg in a Dewar container), and a faster increase in bulk density.

SCHUCHARDT (1930) observed an increased drying in an open-air windrow that was tumed with a
special windrow tumer twice a week, compared to one that was wrned once a week, as well as a
slightly faster reduction of the orpanic matter coment in (he former, The determination of fempera-
ture zones {> S0°C and » 60°C) lzad 10 the sialement that several turnings in the first 2 10 3 weeks
of composting with core temperatures > 60°C assurcd that all material from the cooler outer and
lower zones were transferred 10 the middle of the pile, undergoing there thermohygienization. He
did not cansider, though, tha the hygienized material could be reinfecled when i1 gol transported
from 1he core again to 1he outer layers.

HAlG (1993) analyzed with 2 mathematical model, based on the fraciion of a compoesting heap
having a temperalure sofficient to inactivale pathogenic microotganisms, the number of turnings
necessary to reduce (he number of pathogens from 107 cfu 10 10° cfu. He found that if 80 % of the
heap reached high temperatures, 11 turnings were necessary, in the case of only 50 % hot material,
23 turnings. The model will be discussed in more detail in Chapter 3.2.1.3B,

Critics about windrow turning concemned the only pcriadical oxygenation, the space needed (either
besite the windrow when they are displaced by turning, or in general, when the dimensions of tum-
crs restrict the pile height), the disturbance of fungal hyphae, the recontamination with pathogens,
and the dispersion of AF spores (DE BERTOLDI ef al,, 1985 and 1982; PERERA NETO ef al., 1983,
MILLNER er al., 1980). Also, release of bad odors during turning were evoked (ANONYMOUS, 1993),
even if the same publication stated that tumings were necessary to provide acralion. GRAY &
BIDDLESTONE {1971b) cautioned against too much agitation 10 prevent excessive heat and moisiure
loss, and the shearing of fungat and actinomycetes mycelivm. Hay & KUCHENRITHER (1950) also
counseled to reduce turning frequency in ihe later stages of composting, in arder not to cause a oo
rapid temparature decline,
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1.6.6 GEOMETRY OF WINDROW / HEAP

Windrow size markedly influences the composting process: the heat liberated by the 1hermophilic
decomposition must exceed the heat lost through the exposed surface. Increasing windrow size
greatly decreases the ratc of heat loss, HAY & KUCHENRITHER (1990) determined that for each 0.5
m? increase in cross-sectional ares, there was a 1.2°C increase in temperature. FINSTEIN & MILLER
{1985) proposed a maximum height of 2 m for a temperature-controlled zerated static-pile, in order
10 restrict the temperature (o a upper cgiling of 60°C, having determined an upward temperiwre
gradient of 23°C per meter,

Das & KEENER (1995) ¢xamined the compaction of the compost material by its own weight, and the
resulting resistance to airflow in compost materials, This concluded that with moist material, e.g.
60 % water content, common in starting material, a height of 2.5 m should not be exceeded, other-
wise the frec air space gels drastically reduced, leading 10 a loss of free air space, and thersfore to
anoxic conditions. Drier material (below 55 % moisture) was much less subject 10 compaction due
to its lower density and better mechanical resistance, meaning that in the Jater stages of composting,
e.g. during curing, higher heaps can be formed. Compost heap size is also a function of the wroing
machine used (MICHEL & REDDY, 1996),

1.7 TYPE OF SYSTEMS

Composting can be carried out at very different levels and 1o various degrees of complexity: from
the stmple «dump in the backyard to fully awomated box composting. In a publication about "state
of the an” of composting in Germany, published in 1994, 48 different systems were mentioned
(WEMER & KERN, 1994). Further descriptions of instaliations can be found with Tarby & BECK
(1996); ANONYMOUS (19952); THOME-KOZMENSKY (1995); BIDUNGMAIER (1994); ANONYMOUS,
(1993); ANDERSOM & SMITH (198T).

Independent of the type of installation used, the compasling process always proceeds in the same
manner, as depicted in Figure 4. The control for contamination with nan-biodegradable materials is
either zarried out visually, or automatically (removing of ferrous materials by a magnet, and possi-
bly of plastic in a wind sifter).

During the actual active composting, often also called the rotting phase, the process is controlled by
regular turnings, aeration, and watering. However, the curing or maturation stage, characterized by
stow rate of substrate transformatians {MILLER, 1992), is often totaily unconirolied, Once the com-
post is considered ready for use, it should be stable, ¢.g. storage shouid not bring about any changes
af its propertics.

1 will only briefly describe 1he types of installations that were examined in our study. Detailed de-
scriplion of each installation will be given in the Chapter 3 (Resuits and Discussion).
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Figure 4:  Typical course of a composting proces:.

Qur research focused on composiing at industrial level, although the results obtained from the ex-
periments with open-air windrows can possibly also be applied to community or edge-of-field com-
posiing, as long as encugh biowaste is gathered 1o altow a sufficient temperature rise in the com-

post.

1.7.1 COMPOSTING IN OPEN-AIR TRIANGULAR WINDROWS

The composting material is pul in fong rows (windrows). Depending on the type of twming machine,
the windrows have a height of 1-2 m, and a width at the base of 3-4 m. The turning is caried out
with a special machine thai drives over the windrows. The «old» meibed of turning the compost
with a front-end loader is fortunately not much employed any more, becanse this time consuming
procedure leads to a infrequent turning frequency, an insufficient mixing of the material, and a bad
contro] of compost meisiure.

In windrow composting, the control of compeost aeration and humidily is onty partially feasible; 1he
former through an appropriate structure of the starting material, the peometry of the windrows and
the distance between one row and the other, to allow natural acration 1o happen; the lalter through
covening of the heaps during rainy periods with a taspaulin which allows water vapor 1o escape, bot
hinders rain o pass, and the frequent addilion of water during dry periods.
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Open-air windrows with no artifieial acration depend mainly on convection-induced mass transfer
and gascous diffusion for oxygenation and the Joss of metabolic hear. Composting windrews tend 1o
vary greatly, both temporally and spatially, in oxygen concentration, temperature, and cther physical
factors such as moisture, substrate density, and inferstitial concentrations of various gases. Biologi-
cal activity is thus expressed unevenly throughout a composting windrow. Variations in activity
might effect final compost guality (MILLER et af., 1991},

1.7.2 COMPOSTING IN BOXES OR TRENCHES, ROOFED OR IN
A CLOSED HALL

Because the composting is carried out in boxes, natural aeration does not occur. It is though neces-
sary 1o install an artificial aeration sysiem. Air can either be hlown into the compost or sucked
through i1. At the insiallations invesligated, boxes were filled 2-4 m deep with compost, bringing
aboul a reduction of the surface necessary for composting. Temings in boxes or trenches is normally
camried out with an antomated system that can 2ither man cither on the wails that separaie the boxes,
or is suspended from the roof covering the boxes. In one insiallation, compost was taken out from
the bottom of the box, mixed and acrated, and rcfilled at the top. In some of the installations, com-
post lemperaiure got controlled by aeration; generally it is considered that it shonld not exceed
65"C, in order te be in the range of aptimal degradation {FiNsTeIN & HoGAN, 1993). An other way
to contiol temperature is 1o chaose an aeration cycle with preset aeration times thai change as 2
function of degree of maturily of the compost. It seems that there is still litile experience in seiting
the right frequency of aeration (shorter aeration times bt mare frequent, or longer aeration 1imes
but less freguen). Composting in boxes is usually carried ont for a short period of time (4-6 weeks),
and a curing stage follows oulside the boxes.

1.7.3 COMPOSTING IN BIOREACTORS

A bioreactor is a completely closed vesset. In erder to assume a homogenous composting process,
the material has either to be mixed inside the vessel, or has from time te lime 10 be 1aken out of the
vessel, mixed, and refilled. Compoast in bioreactors is always aeraled. Compesting in 1 bioreacior
has the advaniage that inpul (quantity of air, water) and cutput (lemperature and COs or O; content
of air, pereolate) parameters ean be easily recorded, and the process sccordingly controlled, On the
other hand, visual controt or sampling of compast is difficult 10 execute.

1.7.4 COMBINED METHANIZATION AND COMPOSTING

An inferesting concept is the combination of methanizaticn and composting, Very wel and nutrient
rich materials such as kitchen wastc or sewage studge can cause prablems doring the composting
process (clogging of the free air space, and therefore cremion of anoxic zones and emission of bad
odors). These materials are best methanized in a fermentor under anaerobic conditions. The bicgas
{methane and COy) can be ntilized to prodoce energy (eleciricily and heat) necessary for the 1o1al
pracess. The sludge that comes out of the fermentor (20-30 % total solids) is mixed wilh shredded
wooden waste, and composted, ¢ither in a bioreactor or in boxcs.
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1.8 OOES COMPOSTING REPRESENT A HEALTH HAZARD ?

1.8.1 PATHOGENIC MICROORGANISMS IN COMPOST

By its very nrature, biodegradable waste can be the vehicle and the breeding ground of a broad spec-
irum of microorganisms. Most of them are saprophytes, e_g. organisms which live and feed on dead
or decaying organic mauter (COLLIN, 1992), but sthe presence of obligate (primary) and facultative or
oppertunisiic (secondary) pathogcns” is possible. Primary pathogens can get into the waste by
spoiled food, contaminated paper handkerehiefs, animal litter, or with anlmal excrement polluted
grass clippings. Another source is sewage sludge, which is soroctimes added in small quantities to
yard wasies, or water from sewage plants used for humidification.

Since composting is cmployed on a large scale for 1he wreaiment of sewage sludge, many sindies
were carried abowt the survival and dispersion of microorganisms pathogenic for man and apimel
(FARRELL, 1993; HUSSONG ef al., 1985; HIGGINS et al,, 1982; DUDLEY e/ al.. 1980). When com.-
posting pland materials, the climination of phylopathogenic erganisms has o be ensured. Sapro-
phylic microerganisms, which are al the same time oppertonistic pathegens (fungl, actinomycetes)
have lound special anention,

STALDER {1994) cited 1he following growps of human pathogens as having the most importance in
COMPOSHINE ERYISONMENIS:

Bacterla: Fungl:
Enterobucteraceae Aspergilius fumigaius
E. coli Peniciltium
Pseudamonas

Staphylococct Virnses:
Streptococer Coxsackie-B-Virug
thermophilic actinormycetes, espectally Echo-Virus

Succharopolyspora rectivirgula and
Saccharomonospora viridis

As we have limiled our investigations to the detection of thermololerant molds, especially AF, and
Gram™ bacieria, these groups will be discussed in the following chapter in more detail,

Adverse health effccis may alse result from aerosol expesure 10 metabolic products of micro-
organisms. Some fungi produce mycotoxins. B,1,3-D-Glucan and galactomannans, both polyglocose
siructores in fungal cell walls, have been associated with inflammatory responses (SORENSON &
LEWIS, 1996). Fever. congh, headache and respirgtory impairment can be caused by endotoxins,
which are lipopolysaccharides found in ihe owler membrane of Gram™ bacteria (STETZENBACH,
1997}, Furthermore, the constant exposilion 1o dust can provoke an unspecific iritation of the mo-
cous membranes of the respiratory iract {Mucous membrane imiiation (MMTI)), leading to chronic
bronchitis (BITTIGHOFER, 1994), 1i is suspecied, as in the Organic Dust Toxic Syndrome (ODTS, see
chapter 1.8.1.1E), that often nei a single agent, but the combination of fungi, bacteria, and inorganic
dust particles, lead wo the development of a disease.

1 Primary pathogens can invade and infecl healthy persons, whercas secondary pathogeny normelly infect debititated
individuals (EPSTERY, 1996),
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1.8.1.1 DISEASES

The follawing sub-chapters shall give a short overview of the possible diseases caused by microor-
panisms occurring in compost. Comprehensive treatises on the subject cam be found with
ANONYMOUS (1994b}, LACEY (1995), RICHERSON (1994), CAMPBELL {139%4), MILLNER ef af. (1994),
LEWIS ¢f al. (1994), YOSHIDA ef al. (1993), REISS (1986), and GEDEK (1980).

1.8.1.1A Mycoses

Aspergilli, primarily AF, but also A. flavus and A. niger can provoke a disease called aspergillosis, if
the spores get (o the lung by inhalation. A benign form is the so-called fungus ball, where the fungus
grows in preformed cavilies, either in the jung or in the paranasal sinus. Complications only arise if
blood vessels are perforated.

[nvasive aspergillosis, where the fungus penetrates from the bung into the blood stream and attacks
other organs, has often a kethal outcome. N requires a considerable immune deficiency through a
underlying disease like AIDS or leukemia, but also diabetes or hepatitis can favor the development
of a mycosis (STALDER, 1994)._ Patients with a suppressed immune system after an organ transplan-
tation or in the comrse of a cancer therapy are espocially a¥ risk. Invasive aspergillosis was observed
in aged persons presenting no other risk factors (ATHAYDE & SHORE, 1993). Aspergillosis has also
been abserved in animals: young pigs, lambs, cattle {mycotic placentitis, leading 10 abortion of ihe
Tetus), and chicks (CampBELL, 1994),

Molds of the order Mucorales cause the so-called mncormycosis, which can manifest itself as a
lung, o gasiroiniestinal or a cutaneous diseasc,

Cryptococcus neoformans, 4 fungus found in soil, bird excrement, but alse in compost, causes
crypiococcosis, which can lead (0 a meningitis (GROSSE a1 al., 1997},

1.8.1.1B Mycotoxicoses

Mycotoxicoses are nommally provoked by the ingestion of moldy foods, but i has been demeon-
strated thai the spores of various fungi (amongst others AF and A. flavus) comain mycoloxins.
ATHAYDE & SHORE (1993) discussed the significance of inhaled Aflatoxin BI, produced by A. fla-
vees, in the pathiology of lung lumors. DEPORTES et af. (1997) isolated several potentially mycotoxi-
genic strains (A. flavus, A, parasiticus, A, sidowii) from MSW compost. From 5 strains, three pro-
duced mycotoxins after incubation in 2 liguid medium. Mo aflatoxins could be extracied from the
compost ; a possibile interaction between toxing and humic acids was suspected.

The quantities of aflatoxins in the air, and the necessary doses lo elicit tamors are not know 1o date.

1.8.1.1C Allergies

Because fungal spores can only cause infections in the case of reduced host resistance, the main risk
of exposute 10 high concentrations of fungal or actinomyceta! spores is the appearance of allergies,
1f the hypersensitivity is caused by the inhalation of sporcs, one speaks of un extrinsic discase, if
hyphae are growing in the air passages, it is called inirinsic (HAY, 1988).

Fungal allergies arc of 1ype ! (immediate 1ype), the reaction is triggered by the immunoglobulin E
{IgE), which can be found in large quantitics in the serum of affected persons. The clinical mani-
festations are rhiniis, edema of the nasal mueous membrane, and in later stages asthma bronchiale,
Abowt 10-20 % of the population are thoupht 10 be atopic"‘. Population siudies of 1he prevalence of
1gE aniibodies against AF gave resulis of 0-1 %, increasing 10 20 % in allergic subsets (SPORIK ef
al., 1993). In Belgium, about 10 % of allergy sulferers were shown 12 react (0 AF antigens (LEWIS ef
al., 1994).

" Predisposilion 10 certain allergic respenses, due to the inherited presence of 1gE (ANONYMOUS, 1987)
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Actinomycetes bm also fungal antigens can provoke exogen allergic alveolitis (EEA), often also
called hypersensitivity pneumonitis (HP), which manifests itself in the form of a pnenmonia with
severe gencral reactions such as high fever and shivering attacks which occur 6 to 8 hours afier
contact with the sensitizing agent. Milder courses of the disease can resemble grippal infections.
The disease is known uader the name of Farmer's Lung and constilutes an acknowledged occupa-
tional illness. PARKER e al. {1992}, cited by SORENSON & LEWIS (1996}, reported an incidence of
0.03 to 0.42 % cases in farming populations. EEA was also reported in other professions with an
intensive exposition to bioaerosols (Malster’s lung, Mushroom warker lung {LEWIS er al., 1994)),
EEA is an allergy of type I, mediated by the immuonoglobulin G (IgG). Tn the case of long-time
exposifion to the allergen, a type IV allergy, mediated by T-lymphacytes (cellular immunity) can
follew the humoral'? immune reaction. Chronic EEA can lead to fibyinization of the lung and to an
increasimg inhibition of the gaseous exchange (STALDER, 1994}, Data from animal experiments
showed the provecation of EEA by the inhalation of 10-10° AF spores/m’ (FOGELMARK er af.,
1991, cited by MILLNER et ¢/, 1994).

Allergic Bronchopulmonary Aspergillosis (ABPA) is a characteristic intrinsic condition in atopic,
asthmatic patients that can lead 10 chronic pulmonary damage. Tt is presumed (0 be mediated by
types I and [ hypersensitivity reactions.

1.8.1.1D Exposition to becterial endotoxine

Gram™ bactena produce lipopolysaccharides (LPS) as part of the outer layer of their cell wali that
have loxic properties, When the cells lyse, the toxins, called endotoxins, are set free (MADIGAN et
al, 1997). Inhalation of these can lead to fever and flu-like symptoms (LUNDHOLM & RYLANDER,
1980). NIELSEN &1 al, (1394 measured endotoxin concentrations of 60-260 ng/m’ during the emp-
tying of biowaste coatainers, and CLARK ef al. {1983) between 1 and 42 ng/m® during static pile
biowaste composting. RYLANDER (1987), ciled by KAMPFER & WEISSENFELS {1997), reported for
endotoxin concentrations between 100 and 200 ng)‘m3 an impairment of the lung function, and be-
tween 500 and 1000 ng/m’ fever.

1.8.1.1E ODYS

Organic Dust Toxic Syndrome (ODTS) is a non-infectious, flo-like illness, characterized by fever,
malaise, muscular pain, and inflammaiion of the lower respiratory (eact, and has been observed in
persons exposed lo dust containing large amounts of fungi and bacteria (SORENSON & LEwts, 1596),
Because no correlation hetween the presence of precipitation antibodies and illness could be estab-
lished, an unspecific immune mechanism is suspected. LACEY & CrCOX (1988} proposed an im-
portant contribntion of mycotoxins.

NOLARD et af. {1988) srated that neither clinical nor environmental investigations allowed to clearly
distingnish EEA from QDTS, but that these two disorders may represent part of & speetnum of re-
sponses to complex organic dusts. While ODTS occurred 30 10 50 times more frequentdy (0.3 to
- (.5 % of Scandinavian farmers) than Farmer's Lung Disease, higher levels of exposure (2-I09
spores/day) were necessary (MALMBERG er al., 1993),

"% periaining to or proceeding from a fluid af the bady (ANONYMOUS, 1987)
41



Intraductian Does composling represent a healih hazard 7

1.8.1.2 THERMOTOLERANT FUNGI

Fungi play an imperiani role in the degradation process of composts. While yeasts couid be isolated
in the first few days of the composting process during the acidification phase, thermophilic or ther-
matolerant species of the order Zygomycetes, Ascemycetes, Basidiomycetes and Fungi imperfecli
predominated during the rotting and Ceratocystis, Doratomyces, and Trichoderma in the maturation
phase. In siored compost, the opportunistic human pathogenic species Paectiomyces varicti and
Scopulariopsis brevicauits were detecied (MILLNER et al, 1977),

The fungi found in compost arc not necessarily those found in the air of composting sites, 100. Noe-
mally, only spores ¢an get aitborne; the conidiospores from molds (Aspergitlus, Peniciilium, etc.)
get dispersed very easily, and can be detected in high numbers. Due ta their hydrophabicity, they are
scattered even in the very humid conditions cncountered in compost.

GOTTLICH et al, (1994) examined the fungi in the air of composting installations, and found the fol-
Iowing species, which plsy a role in human health, in almost all the work places investigated (Ta-
ble 6):

Table 6;  Most frequenity detected funge in ifie air af composting sires (COTTLICH, 1996; GOTTLICH et af., 1994), and
their pmhogeneicicy (PAT, 1994).

Species opp. all, foxie |Species opp- nlf. toxde
Asperpiilus flavur group x x X Penicillium brevicompactum x
Aspergiilus fumigaius X X X | Penicillium crustesum %
Aspergiltus nidulans X X Penicitliun glabram x
Aspergillus niper X % X | Rhizomucer pusitius %

Aspergillus terreus x Rhizopus microsporus var. %
Cladosporiam ssp. x rhizepodifarmis

Deratomyces microsporis x Seopulariapsty spp, (%)

Penicillivm axrantiogrisenm x Talaromyves ithermophilus x

var. aurantiogriseysn

opp. = opportunisiic pothogen; sll. = allecpen; ( Y molds thal cause rarely infeciion in humans

1.8.1.2A Aspergillus fumigalus

The mold the most frequently isolaled, and also the most ahundant, as well as in compost as in the
air of compaosting plants is AF (REINTHALER ef al., 1997, ANONYMOUS, 1994b, GOTTLICH, 1996,
MILLNER ef al., 1994; STAIB, 1993; KOTHARY & CHASE, 1984; CLARK e af., 1980),

Taxonomy: Taxonemically, AF belongs to the class of Deuleromycetes or Fungi imperfecti, mean-
ing that only the asexual form of the fungus is known, and that reproduction happens by cenidio-
spores. The wark by GIRARDIN et al. (1995), based on genomic studies, showed clearly that Neo-
sartorya fischeri (formerly Aspergilius fischeri), whose anamorph foim can not be distinguished
morphologically from AF, is a separate species. AF can be identified by Ihe characteristics of the
Genus Aspergiflus (Figure 5a and b): terminally expanded {vesiculared) conidiophores arising from
thick-walled hyphal celis termed foot cells; crowded phialides on the surface of the vesicle; unicel-
lular conidia produced successively from the tips of the phialides, formiing unhranched chains
(Kwon-Cisung, 1988). The upper part of the conidiophores as wel! as the phialides and the conidial
spores are preen (Figure 5d), the shade of green depending on the culture medium. Phialides are
enly produced on the upper part of the vesicle, the spore chains forming thus a columnar head (Fig-
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ure 5¢ ond 5f). Per conidial head, about 10* spares are produced (GIRARDIN, 1993). Maximum
sporulation was observed in self-heating of hay after § days at 55°C (GREGORY et al., 1963),

Lately, moleeular methods, based on random amplified polymorphic IINA analysts {(MONDON er al.,
1995) or the PCR of primers based on the sequence of an alkaline protease gene (KATZ er al., 1996)
have been developed. They allow o differeniiate AF from other Aspergiflus spp. and even the iden-
tification of individual strains,

Spores: Conidial spores are dry, hydrophabic, and readily airbome (KWON-CHUNG, 1988}, The in-
dications about the size of AF spores, importani for the pathogeneicity of AF (the smaller the spares,
the further they can peneiraie into the lungs when inhaled) as well as {or their detection in acrosols
{see Chapter 1.8.3A) vary. FELOMANN (1955) indicated 3.8 £ 1.6 pum; ANONYMOUS (1994b) deter-
mined an average spore diameter of 100 measured spores of 2.51 pm; MaRK, (1992) reparted a
mean diameter of 2.76 pm; and DERIKX ef al. (1991) of 2.5-3 pm. The acrodynamic diameter of the
spores increases slightly in bumid air at a relative homidity of 100 % from 2.15 j0 2.4 um
(REPONEN ef al., 1996).

Temperature: AF is a so-ealled thermotolerant mold, e.g. a mold that has a growth maximum
above 30°C, and a growih minimum below 20°C. Relss {1936) indicated a minimum growth tem-
perature for AF of 10-12°C, an optimum of 37-43°C, and a maximom of 52-55°C. In moist heat
{60°C), the mycelium gets inactivated in 5-10 mimtes,

Very little information is available about the thermoresistance of AF spores. REISS (1986) stated that
normally ascxual mold spores had a thermoresistance that was 5-10°C above that of the mycelium,
but that spares of AF in a liquid medium survived 1 hour heating at 80°C, and 10 minutes at 85°C,
GEDEK {1980) compared the conidia of AF to those of Paeciiomyces fufvus {ihe anamorph of Bysso-
chiamyvs fithva), able to survive heating of 15-30 minwes at 80°C. Komtary & CHASE {1984} re-
ported the presence of viable AF spores in compost of 60-70°C. AMLINGER (1993), however, stated
that in laboratory experiments, all spores of AF weie eliminated at temperatures of 64-72°C in & few
minutes. HaINES {1995) assarted that AF stopped growing at about 56°C, but that its spores readily
withsiand higher temperatures, without citing experimental data,

Humidity: Concerning the required a,, of the substrate, REISS (1986} cited for mycelial growth a
minirmum of ¢.85 and an optimum of 0.98, for spore {ormation a minimum of 0.90 and an optimum
of 0.98-0.99. Speore germination happens at lower a,, than growth, but with decreasing ay, the lag
time before germination increases (KOZAKIEWICZ & SMITH, 1994), There exists also a conncction
between temperature and a,: mycelial growth and spore germination can occar at lower a,, if the
ternperature is eptimal. SPORIK et al. {1993} reported germination of AT at a relative air humidity of
about 80 %, and an opiimum growth at 98 %.

pl: AF can grow over a wide range af pld: the minimum is at pH 3, the optimum ai pH 6-7, and the
maximum at pH 8 (REISS, 1986).

Oxygen: NEessi (1954) carried out experiments about the prowth of AF isolated from compost onder
different concentrations of atmospheric oxygen: nao inhibition was observed unti] the O; content fell
below 2 %. Spores germinated normally, after 1 week at 0.2 % Oy, when they were again incubated
in atr.

Substrates: AF is a very versatile mold when it comes to substrate utilization (VON KLOPOTEK,
1981). Besides wiifization of simple substances (sugars, amino acids, eic.), the degradation of poly-
mers such ns celinlose (REss, 1986), swarch (DOMINGUES & PERALTA, 1993), pectic substances
(BARACAT-PERERA ef al, (993), xylan (KADOWAK! &f al, 1995; BALEY & VIKAR, 1993), and
lipids (FOGARTY, 1994) was reported.
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However, none of these schstances were proven to be alone responsible for the pathogeneicity of
AF, and no diffetence was also seen between strains isolated from patients suffering from mycoses
and sirains isolated from the environment (LATGE et al., 1997). Or authors concluded thai any strain
of AF can become pathogenic if the normal defense reactions of the host are snppressed.

Presence and dispersion in compasting operations: The two tables below (Table 7 and 8) show
that AF is present as well in compost as in ihe air of composting site in often high concentraiions.

Already the garden and kitchen waste contained, dependent on the scasen, up to 107 cfu/gDW, the
highest concentrations being measured in the spring material. Grass clippings supported higher AF
levels (108 ihan dead leaves (£0). Old woodchips were a bip source of AF, as they contained be-
tween 10° and 107 cfu/gDW. Even undigested sewage sludge had between 10 and 10° ¢fu/gDW AF.
Buring the composting process, & reduction of AF numbers was observed, especially in the active
rotting phase, when temperatures were highest. In the investigations that ook compost samples in
different depths in compost piles, it was shown that AF concemeaions were always higher on ihe
surface than in the center, where high temperatures and maybe reduced oxygen content limited fun-
gal survival and growih, Screening of the compest often lead 10 an increase in AF numbers, attrib-
uted to a break-up of spore chains. In sewage stludge composts, FARRELL (1993) reported the highest
AF conceniralions in composts from static pile facilities,

A direct comparison of the daia is difficult, because the siarting material (biowesie ar biosolids
(sewage sludge) with varying addition of wood), composting conditions (static aeraled or agitated
non-aerated piles), and composting duration were each time different,

Also, for the detection of AF, different media were used: Sabourd-2%-Glucose Agar {LAVOE &
ALIE, 1997; MARCHAND &f al., 1995); Malt Extract {2-3.1 %) Agar (REINTHALER et al, 1997,
NIELSEN ¢t al., 1995; REIss, 1995; KOTHARY & CHASE, 1984); Dichloran Glycerol Agar (NIELSEN et
al., 1995), modified Czapek-Dox Agar (KOTHARY & CHASE, 1984; CLARK of al, 1983), Oxgall-
Antibiotic .-!\gar'6 (MESSNER & MARK, 1996; STROM, 1991; MILINER ef al, 1977, JONES &
CoOKSON, 1981), and Rose Bengal Agar {ANONYMOUS, 1994b). While unamended Malt Extract
Agar, promoting sporulation, seems 10 be the most widely used medium (BUTTHER ef al., 1557), and
is also recommended by the American Conference of Governmental and Industrial Hygienists
(BOLEN @ al., 1995). no comparstive studies were found in the Jiterature, Formulations containing
Rose Bengal, Dichloran or Oxgall inhibit the spread of rapidly growing fungal genera like Rhizapus
and Mucor, and might be advisable to use when enumereting fungi from fresh waste, where these
species are numerous, Dichloran Glycergl- |8 Agar is 2 fow a, medium for the defection of xero-
philic fungi, and should thus not be used for the detection of AF, which does not grow well at low
Bw

Incubation tempcrature also varied from 30°C ta 45°C. To s¢lect for thermophilic or thermatoleran
species, as is AF, incobation should be carried out between 37°C and 45°C (BUTTNER et al., 1997).

' aee tiler: agar 26 g, peptone 10 g, malkose or dextrose 10 g, oxgall 1215 g, chtoramphenico! 2 mg or sireptomycin
0.05 mg, penicillin 8.0t mg, avreomycin 0.002 mg
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Table 7 Cancentraiion af AF in biowane and compos.

aclivily / type and age of composi / sampling depth AF ::ft';;[n;‘::]“m references

Fresh biowasle 4.50™ AMLINGER, 1993
During the rotiing phase g 10™

Mature compost (afler 8 months) 2.10%

Giarden wasle compost, | month, §-10 ¢m, 33°C 2.10" BEFFA eral, 1904
Dirlo, 25-35 cm, S0°C 5-1¢¢

Difio, 55-65 cm, 70°C <20

Dinp, 95.10 cm, 53°C <=2

Garden waste compost, 4 month, 0-10 em, 62°C 10

Didloy, 25-35 cm, 50°C b Xty

Didte, 55-65 cm 70°C <50

Diito, 95-10 cm 53°C < 50

Sewnge sludge conpost, compoesting phase (3 weeks), surface (25°C) 4.10° KOTHARY & Culase, 1934
Dilto, in 15 cm depth (52°C) 810

Dilto, in 30 cm depth {(56°C) 110

Ditto, in 40 cm depth (65°C) <110

Sewape sludge compost, curing phase (4 weeks), surface (30°C) 610

Ditto, in 15 cm depth (§3°C) 410

Dilto, in 20 ¢ deplh {73°C) < 110

Sewnge sludge compost, screened, surface (23°C) 1108

Ditto, in 15 em depth (80°C) 710

Ditto, in 30 em depth (70°C) 2-10*

Undigesicd sewage sludge 010! MUOLNER 1 al., 1977
Fresh woodchips 107 2-10°

Old woodchips 310°- 610

Active composl (sewage sludge + woidchips, in zones < 63°C) 3107 -» 510}

Cured compost B10° - 410t

Sereened compost 210°-910°

Stored compost (¢ manth} 110 1107

Ditio, 4 monih 2510

Sewage sludge + wood chips compost, forced acration, 21 day old 1-3-10° MNLKER ¢ al., 1980
Incoming leaves 310 STROM, 1991
Incoming grass pA i

Y ard wasle compost in the thermogenic phase

1-10°

* first quarter of the composting time
* pfier half of ihe composiing lime

® ai the end af 1he composting lime
4 incan value of 6 measuremeats
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Table 8:

Does composting reprasent a heatth hazard ?

Concentration of AF {efidm’® air] in the air at composting sites and other indusirial environments.

Aclivily / \ype and age of compaost f distance

AF concentralion

Reference

Yard waste compasting, on site {30 m from the windrow)
Ditiy, 540 m dawnwind

30 - 310" (mecan 5105
2- 610" (mean 1-10%

ANONYMDUS, 1994b

Garden waste comnposl, 4 weeks, turned 1-4x/month, 5 m downwind 110 BEFFA e al, 1994
Ditlo, 20 1n downwind 710t

Dino, 100 i downwind 6107

Dila, 500 m downwand 16

Carden wasic compast, 2 weeks, tumed daily, 5 m downwind 5-10°

Dillg, 20 m downwind 2.10°

Delivery of biowasle 9.1 BOH, 1995
Sorting &10°

Rolting hall 240

O the compasting sile 516°

Dino, in 50 m distance downwind 610"

Ditio, in 100 m distance downwind 310!

Sewapc sludge composling, air monitoling aver 1 year - 310° CLARK et 2l 1980
Dilto, 150 m from the compost arca 0-130

Sewapc sludge composting, colleclion area (closed hall) 40- 210 CLARK &1 ai., 1983
Dilin, composfing area, Young composl, open-air 010*- > 300t

Ditto, mature compost 210" - > 510°

Dinlg, screening {closed hall) 21900 - > 4108

Sewape sludge compesling, normal aclivity {incl. screening), on-site 2107 CLARK #i af , 1984
Dilo, 300- 1600 m dowowind 5

Inside 1he cabin of a fiont-end Joader, tuming of biowasle campos! 110° GiTTLIcH, 1996
Turning of young biowaste compos!, inside a hall 110"

Close to woodchips pile 2100 KOTHARY & CHASE,
Close 10 stalic piles BI0%- > 5107 1934

Screening 310

Dismantling of a MSW compost pile B-10° LACEY & CROOK. 1988
Tumning, biowaste compost, 0-100 m 510° MESSNER & MARK,
Dirto, 100400 m 110 1996

Titlo, 400-1000 m 7-10°

Scicening. biowaste composl, 7-8 months, turned Zx/month, 0-400 m g10'

Ditto, 400-1000 m 4-10'

Sewage sludge composting 0- 610 MILLNER et al., 1980
MSW colleclion. persomal sampler 1.10° - 2107 NIELSEN et al., 1995
Biowasie -+ garden wasic delivery 4-10* REINTHALER et ai.,
Roting hall, enclosed 1able-pite composting, fresh materdal 10¢ 1997

Ditto, 6-8 week old compast 110!

Sereening 310

Abave bindegradable waste comainers 1210 REISS, 1995

¥ ard wasle composting, background level 37.6-10° STROM, 1991

Ditto. high activity 5401 - > 3-10°

Critto, 100/ 500 m downwind 350/ 86

Dehogging af fresh leal and yard waste g0 VAN DER WEBF.
“Turning (2-3 limes/week, fronl-end loader) of aclive windrows g10 199

Processing of curing compost 110’

Persnnal samplers worn by 1he compast workers B-LF - 810" J
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Compatisons are even more difficult when it comes to bivacrosols messured st composting sites
(Table 8), where additionally to the different composting systems and detection methods used, re-
sults are strongly influenced by the type of the aerosol sampler (see Chapter 1.8.3.2), as well a5 hy
the sempling location.

AF concentrations cn the sites were most of the tme several orders of magnindes above those
measured normally in locations away from composting sites: @ to 20 cfu/m?, with maximum con-
centrations not cxceeding 70 cfusa® when there were no self-heating matter in the sumrounding area.
(GARCIA, 1998; ANONYMOUS, 1994b; MILLNER ef al., 1994, MuLLINg, 1994 and 1976; RHAME,
1991; DUNGY et al., 1986; JONES & COOKSON, 1983 SOLOMON et al., 1578). While emissions were
very low for undisturbed compost piles, any moving of the malerial during collection, delivery, de-
bapging, sorting, turning, or screcning led to elevated AF concentrations. Duting operations carried
out in the open, high concentrations were measured in the immediate vicinity {a few meters) of the
disturbed compost, but already 20-50 m away, a rapid decline in AF numbers occurmred. In gbout
150 m distance, AF levels retumed to normal, ahbough site sctivity, specific site design, operotions,
topography, and prevailing winds can influence the dispersion (FELDMANN, 1995). Manipulations
carried out in closed buildings, however, lead to consiantly etevated (:0™-10* cfu/m™) AF concentra-
tions,

These data show clearly that, if composting presents a certain health risk due to 1he dispersion of
pethogens, this enly concerns people whe are directly implied in the handling of cempaost, and not
the population who lives in 2 certain distance {mostly a few 100 m) from a composting site.

The percentage of AF on the total fungal flora made out between 20 and 100 %, dependent on the
stage of the composting process. In the heating phase, AF occurred almost exclusively, while in the
maturation phase, due to temperature decrease and thus concurrence by other, mesophilic Jungi, as
well as the depletion of degradable substances and progressive drying, its percentage got reduced.

Neo information was found in the litergiure about the direct connection between AF numbers in
compost and those emitted in the air, either from nen-disturbed or from disturbed material.

When deriving occupalional risk assessments fram the data presented above (Table B), it has to be
considered that the measurements were most often done with the impaction method {see Chapter
1.8.3.2), detecting only viable organisms. Deed cells, althongh they will not be able to cause infec-
tions, can stili provoke allergic reactions (FOGELMARK ef af., 1991). NIELSEN et al. (1997a) showed a
high correlation between tatal fungal and viable fungal counts in the air during waste colleciten, the
culivrable fungi presenting, however, only ¢.1-15 %. The difference between Iotal and vizble spores
was more marked when concentrations were low, meaning (hat no fungal growth had eccurred, and
that only "old" spores were ¢collecied. In composting, where proliferation of fungi is possible, the
viable count may represent more closcly the total amount of spores present in the air. NIELSEN et al.
(19%7a) alsc reported during aerolization of biowaste compost 200 times more total cells than cul-
turable bacteria or actinomycctcs.
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1.8.1.3 BACTERIA

Among the bacteria, the actingmycetes and the Gram™ bacteriz are most important in the contex of
composting, the former as allergens and opportunistic pathogens, and the latter as indicators of an
insufficient thermohygienization (fecal coliforms) and as producers ef endotoxins, The infection of
1the personnel or the end users of compost with primary pathogens, although such are regularly iso-
lated fram the air of composting sites or from the compos?, seems hot 1o Constiliie & major point of
concern if the gencral mies of hygiene are observed (KAMPFER & WEISSENFELS, 1997).

We limited our research o the detection of coliforms and E. coli, and in some cases 1o Enterchac-
teraceae and Gram™ bacleria in {he compost maerial, and compared their survival to thal of AF,

A high degree of thermohygienization in 1he course of the composling process was generally ob-
served with respect to these bacterial groups. Their regrowth at the end of the thermogenic phase
was found 10 be much more infloenced by the degree of degradation of the compost than was the
case with fungi. This is because they can noy metabolize the less bicavailable subsirates like lignin
or celinlose left at the end of the composting process, in contrast to fungi (SOARES et al, 1995).

1.8.1.3A Gram™ hacteria

Gram~ bacieria, defined as bacieria with a cell wall consisting of e thin murein layer and an ooter
membranc of proteins, phosphalipids and LPS, being cotored red by the Gram differential colora-
tion method, have their importance in composting in the connection with the release of endotoxins
{see Chapter i.8.1.{.D).

1.8.1.38 Enterobacteraceae

The family of Enterobacteraceae (formerly Entercbacteriaceae) groups 2-3 um long, Gram™,
mostly perilrichously flagellated and oxidase-negative bacteria that are rod-shaped. They do not
form spores and are facultalive anaerobes. Some species have their habitat in the gut of warm-
blooded animals and man, whereas others occur normally in water or soil or are plant pethogens.
Strains affecting human health are either primary (mosily gastointestinal disorders) or secondary
{urindry traci diseasc, pnewmonia, scpticernia, meningitis, wound infection) pathogens (BRENNER,
1992).

The most important represeniatives of this group are members of the genera Escherichia, Proteus,
Enterobacter, Serratia, Erwinia, Klebsiella, Salmanelila, and Vibrie (SCHLEGEL, 1985).

The classification of Enterobacteraceae is not always casy: The newly named species Pamtoea ag-
glomerans . most common in organic dosis (DUTREMWICZ, 1997}, is a synonym of Enterobacter ag-
glomerans and Erwinia herbicola, which by recent research using DNA hybridization, have been
shown to be the same species, Also, proposals were made to transfer the species Enterobacter aer-
ogenes to the genus Klebsiella (BRENNER, 1992).

RUDEN et al. {1994) determined various facultative pathogenic species in different composting in-
stallations. The percentage of detaction of the different species varied from one instaltation 1o the
other, A recent publication reponted the occurence of Safmonella in 50% of the investigated fresh
biowaste samples (KNOP ef al., 1996),

The enumeration of Enterobacteraceae is recommended by the FAC as indicator for the quality
coniro] of pasteurized sewage sludge that is put in the fields, considering that Enterobacteraceae
have a similar tenacity than Salmonello (STADEIMANN, 1983). At a concentration of less than 100
cfu’s of Enterobacteraceae/gDW, it is suggested that the slndge does not contain any Salmoenella
any more,
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1,8.1.3C Cofiforms

Coliforms are lactose-fermenting Enterabacteraceae, which can be of either buman, animal or plant
arigin, Species of the genera Klebsiella, Enterobacter and Erwinia are part of the autochthonons
flora of plants (GALLENKEMFER et @l., 1995). Instead of total coliforms, fecal califorms which are
supposed (0 be only of human or animal origin, are determined by incubation ai 44°C. GaL-
LENKEMPER ef al. (1995) found in fresh biowaste, where concentrations up ta 10% cfu/gDW fecal
coliforms were measured, 1-3 times more total coliforms. [n a MSW campost, however, where the
micraarganisms had be exposed 1o elevaied temperatures (maximum 75°C), no difference between
total and fecal coliforms was seen (GABY et ol 1972),

Total coliforms are monitored during the composling process because ihe die-off of coliforms
should give a good indication of the compleieness of the disinfecting process, and because the
population of coliforms can be directly related to the population of human pathogens (CABALLERO,
19835, cited by Hay & KUCHENRITHER, 1990). YANKD, (1988), cited by FARRELL, ($993), showed
that in sewage sludge compost, densities of coliforms comelated well with Salmenella densities:
below 10 efu coliforms/gDW, their was a very low probability to detect Salmonellae.

MOTE et af, (1988) showed a guite goad correlation {comelation coefficient of 0.85) between total
coliforms and Gram™ bacteria in dairy waste compost, the former presenting about 80 % of all
Gram™s.

The U.8. Environmental Protection Agency (EPA} regulation demands for sewage sludge compost a
final concentration of £ 1000 cfu coliforms/gDW (FARRELL, 1993).

1.8.1.3D Eschetichia coll

The species Escherichia coli (E. colf} belongs 10 the family of Enterabacteraceae, and because it is
lactose positive, also to the group of coliforms. It is parl of the normal intestinal Mora of man, where
it is present in concenlrations of 10° 1o 10° cfu/g feces, Some strains are pathogenic. [is prescnce in
waier and food is an importani indicator for a fecal contamination (SCHMIDT, 1994). Investigations
of biowaste has shown its presence in sometimes quile high concentrations (up to 107 cfu/gDW),
questioning its fecal origin {SCHERER, 1992).
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1.8.2 WORKER SAFETY / CASES

1.82.1 CASES OF OCCUPATIONAL DISEASES IN TME CONTEXT OF
COMPOSTING AND RELATED ACTIVITIES

Below are listed a nomber of published cases of eccupational illnesses that eccurred in the context
of compasting or related activities. It is possible that the inctdence of work related health impair-
meats be higher, becanse the often transient nature of the work force at composting sites results in
low reports of illnesses {BEFFA ef al., 1998; CLARK ef of., 1980). Also, some data is not generally
available, as it restdes in in-house reports (EPSTEIN, 1996). Thete 15 also considerable uncertainty
ahout the immunological diagnasis of the different farms of diseases provoked by AF. The used AF
antigens are heterogeneous and often not well chacaclerized, and can differ considerably due 1o the
usc of different strains, culture media, and incubation, extraction and purificatian methods (PIERRE
Gumowski, Allergelogy, Hépital de la Tour, Genéve, personal communication).

« A compest worker who had to einpty rotting baxes and put the compost in windrows developed
delayed fever and ebstruction of the respiratory passages characteristic for EEA (GRUNER, 1994).

« 11 out of 26 workers collecting source separated biodegradable waste complained about health
problems (headache, fatigue and nausea) during the summer season. The symproms were thought
to derive from the microbiological activity in the waste, and be cansed by a camplex mixture of
endotoxins from the Gram™ bacteria, glucans from the fungi, and possibly enterotoxins from the
bacteria (MALMROS, 1994).

« A 32 year old male developed fever, muscle pains, and marked dyspnae |2 hours after shaveling
composted wood chips and leaves. Analysis of the dust indicated a predominance of fungal
spares and a high concentration of endotoxins (640 1o 16000 units’m”). Although precipitating
antibody tests for the usual antigens were inconclosive, the authors diagnosed EEA or ODTS
(WEBER e al., 1993),

» A 57-year of female without any histery of asthrna, who had cultivated vegeiables en straw con-
taminatcd with AF in a greenhonse without ventilation, developed a case of EEA from AF
{YOSHIDA e/ al., 1993),

& A person with a congenital immune defect {(chronic granulomatous disease) was occupationally
exposed to AF spores while shoveling moldy wood chips and snbsequently developed a fatal as-
pergillosis (CONRAD ef al., 1992, cited by MILLNER et af., 1994).

« In a newly built M3SW sorting plant, the first case of occupational illness ecenrred only 3 month
after its opening, and in the fallowing 5 yeacs, a total of L0 persons out of 15 were diagnased
with asthma brenchiale, chronic bronchitis and allergic alveclitis. Seven of them had to change
the job, and enly two of these had completel;; recovered after 2 years away from the plant. High
levels of lolal mesophilic bacleria (> 2107 cfw/m®), Gram™ bacteria (>6-10° cfu/m?), Fungi
(> 110° efu/m®) and endotoxin {480-990 ngfm’) were measured at the work places (SHOSOAARD
etal., 1990},

¢ A young man living in the immediate vicinity of a leaf compeosting site developed ABPA related
to AF. The person was an asthmatic for 16 years and was treated with immunotherapentic agents
(KRAMER et al., 1989).

+ A previously healihy 20 year old man developed EEA two months afier having started work in a
vegetable compost plant, where he tured campost piles with a garden fork. A test for serum pre-
cipiting against AF was strongly positive, while it remained negative for thermophilic actinemy-
cetes (VINCKEN & ROELS, 1984),
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* A man who worked as a gardener for 14 years contracted a fatal locally invasive aspergillosis
{ZUK et ai., 1989).

» Three asthmatic members of a single family almost simultaneously developed allergic aspergillo-
sis. Their use of potting soil containing AF was suggested as the source of infection (VITHAYASAI
et al,, 1973, cited by MILLNER et al., 1977).

The cases desciibed above show that diseases provoked by the handling of compost werc most of
the time of allergic nature (EEA or ABPA). Somelimas the symptoms lead to suppose ODTS. Dis-
eases were observed as well in predisposed persons (asthmatics) as in previously healthy ones.
Negative health effects were only in one case detected in a person thal worked not direcily with
compost or other biodegradable materials, but Fved in the viginity of a compasting installation.

1.5.22 EPIOEMIOLOGICAL STUOIES IN COMPOST WORKERS ANO
WASTE SORTERS

When congidering the occupalional healih problems that can result from composting, one has to
assess the risk that such a work might consrtitate, but this has te be clearly distinguished from a dan-
per.

Danger is defined as 1. a liability or exposure lo harm or injury; or 2. an instance or cause of peril,
menzce, It is the general word for liability 1o all kinds of injury or evil consequences; either near a
hand and certain, or remote and doubitful. Hazard suggests a danger that ore can foresee but cannot
avoid, Risk is defined as 1. the exposure to the chance of injuty ot loss; a hazard or dangerous
chanee; or 2. the hazard or chance of loss; or 3. the degres of probability of such a loss
{ANONYMOUS, 1987a).

In the context of eccupational illnesses, BOLEN ef al. (1995) defined risk as

I risk = probability of occurrence x exposure frequency x health effect l

While exposure frequency is easily determinable, alihough dependent of the type of composting
systems, and kealth effects of the legally accepied occupational illnesses are well known, the prob-
ability of occummence can only be determined by broad epidemiological siudies. A few of such stud-
ies have been undertaken in the 1ast few years:

* A survey was carried out among 209 workers at composting installations in Switzerland treating
= 100 vy. 80 % had been working in the composting industry longer than 2 years. Mere than
25 % suffered from one or several symptoms of chronic respiratory troubles: chronic sncezing
{25 %), dry cough (14 %), nasat pracitus znd rhinitis {11 %), runny nase {11 %), shimy cough
{10 %). Statistically, the prevalence of respiratory symptoms increased significantly with the fre-
quency of exposure lo compost, indepeadent if the persons were smokers (40 %) ar not. In con-
trol groups, respitatory Wronbles were reported by 4 % (smokers), respectively <10 % (non-
smokers ) {(GUMOWSKI et al., 1998),

» A total of 117 workers from 5 different waste soriing ar composting plants in Austria were ex-
amined for subjective health problems, lung function and total 1gE blood concentrations. Fre-
quently, mucous membrang irritation of the upper respiratory tract was indicated, bul neither the
MSW sorting ner the composting plant employees showed impaired Jung functions. Total, but
not fungal IgE were significantly higher in the waste workers than in the control group. However,
ne copelation with length of employment could be seen (MARTH ef al., 1997).
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s Work related health troubles were found in workers who manually emptied sacks with garden
waste im0 a wasie truck. The conteol group (wotkers who collected mixed household waste,
sorted household waste and composiable household waste) did not show work related heabth
problems. The troubles reporied were airway irritation and asthmatic sympioms (NIELSEN et al.,
1997¢, ciling STENBAEK ot al., 1996).

s About 15 workers in a sewage sludge composting Tacility reported colds, 10 sinus infections,
7 cough and 5 wheezing cui of an average of 46 workers tested annually over a period of five
years (1987-1991). Reports of asthma, bronchiis, caraches and shortness of breaih were very
low. Blood tests for AF were negative (EPSTEmN, 1996).

¢ A Danish study iniliated at § soriing and 4 composting plants showed 15-20 cases of asthma, and
20-30 cases of ODTS. The authors stated thal none of the health problems observed in composi
workers were infections, but toxic or allergic reactions (MALMROS, 1994).

s No health conditions related 10 employment were reperted for the 20 employess routinely exam-
ined every six months from 1982 to 1986 in a sewage sludge composting Tacility in Columbus,
Chic, USA, nor for 26 workets examined cnce a year in a facilily in Fairfax County, Virginia,
USA, nor for the ones cmployed in Hampton Road, USA (since 1981}, or in Montgomery
County, USA (since 1983, 40 employees) (EPSTEIN, 1993).

s In a Duaich study, 19 (1.7 %) ow of 1122 mushroom workers engaged in closed fermeniation
rooms were diagnosed with EEA. Semm reactions were positive in all patients againsi thermo-
philic actinomycetes (Excellospora flexuosa, Thermomonospora alba, T. curvaia and T. fusca),
in 1 case against AF and in 3 cases agzainst Scyialidium thermophilum. Titers were significantly
higher than in healthy cantrols, but only slighily higher than in compost workers that showed no
symptoms of EEA. In that group, the titers increased with the duration of empleyment. Respira-
tory complaints disappeared when protective airsiream helmets with 2 fine dusi filier were wom
{VAN DEN BOGART et al., 1993).

= STALDER (1994) examined the presence of 13G antibodies against molds (AF, Aspergillus nidu-
lans, A. niger, A. versicolar, A_ sidowii, Penicillium brevicampacium, P. erusiasum) and actino-
mycetes (Saccharopalyspora rectivirgula, S. hirsuta, S. viridis, Streptamyces thermowidgaris) in
30 compost warkers from different composting sites in Germary, and comparad it 10 30 non-
exposed persons. There was no statisticslly significani difference recognizable between exposed
and non-exposed persons, neither Tor molds nor for actinomycetes, although for the latter, 13 of
the compost workers had anti-actinomycetes-antibodies values that were mone than twice 1he
standard deviation above the mean of the noncompost workers. Also, higher titers were ob-
served for workers who had been employed in composting operations for a prolonged time.

¢ Clinical, microbiclogical and immunological investigations about the health of the personnel (a
total of 65 persons) were carried out at Tour sludge composting facilities from 1979 to 1981, Al-
though throat and nasal swabs were Trequently positive for AF, and higher rates of abnarmal skin,
ear and nose conditions were reported in compost workers, ne censistent increase of AF anti-
bodies was detected, and pulmonary function was lower on Monday moming compared to Fri-
day. Compost-exposed workers had higher levels of 1gG antibodics against LPS than did workers
with lower or no exposure (o compost. There were also indications of increased white biood cell
count, easinophils (special kind of leukocyies), and hemolytic complement, indicative of a low
level inflammatory response (CLARK, 1994, CLARK et al., 1984).

* A Swedish study examining workplace related symptoms among 11 compost workers found
camplaints about nausea (2), headache (5), fever (1} and diarthea (4). This compared to only 2
reparts of diarchea in 41 questioned water work employess (LUNDHOLM & RYLANDER, 1980).
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Several couniries have proposed occupational exposure linits (OEL) for various groups of microor-
ganisms and endoloxin:

e Scandinavia: 5-10-10° cfw/m’ total microorganisms, 1.10° efu/m’ Gram™ bacteria, and 1-2-10°
ng/m’ endatoxins (MALMROS ef al., 1992).

» Poland: 1-10° cfu/m’ (otal microarganisms, 5-10° efrm’ fungi, 210" ef/m® Gram™ bacleria; and
half of these values if the respirable fraction exceed 50 % of the total count (DUTKEWICZ, 1997).

» Netherlands: 110" cfu/m? total bacteria, 5-10° cfu/m® for one particitlar species, 1-10° cfu/m®
Grame bactenia, 4.3 ngfrrf endotoxins (B hour ime weighted average) (HeeDrRRiX & DOUWES,
1957, HEIDA et al., 1995)

o Canada: 110 ciu/m” 1atal bacteria, 1:10° cfu/m® Gram™ bacteria (LAVOIR & ALIE, 1997)
» Germany (Land Niedersachsen): 1-10° cfu/m’ 101a] bacieria (DANNEBERG ef al., 1997)
s Germany: 5107 cfa/m’ molds (ALBRACHT et af., 1997

From the sludies mentioned above and lhe OEL proposed, and estimated risk faciors. one can Iry to
calculate a risk based on the risk [aclors presenied in Table & it would be situated belween & (for
aspergillosis, PO = 0.1, HE = 100, 18 {for GDTS or EEA, PO = 1, HE = 3), an¢ 30 (for mild symp-
toms like rhinitis, PO = 5, HE = 1), presuming Ihat an exposure i¢ organic dust coataining 1010
fungal o actinomyceles spcunes}m3 would provoke Lhe disease, and that Ihe workers wonld be ex-
posed daily (EF = 6) 10 such high concentralions.

Table 9:  Faciors to caleulare a risk [ = probabifity of accurrence x exposure frequency x heahik effect; BOLEU ec al.,
1905

Probability of occutrrence (PO} Exposure frequency (EF) Health effect {HE)
0.1 = almnst impossible 0.5= very seldom {< \J year} 1 = minor, darmage withnut ahsence
0.1 = practically impossible ! =seldom (yearly) 3 = important; damage and absence
0.5 = possible but unlikely 2 = sometime (monthiy) 7 = serinus; imeversible effect (disabilily)
| = unlikely, but bordetline possibly |3 = now and then (weckly) | 45 = very serious. nne death (acule or future}
3 = unususl 6 = egolarly (daily} 40 = disaster; several dearhs (acute or folure)
6 = most likely possible 10 = constani
19 = to be expected

Rizk sco Risk elpss

=70 iportant risk; immediate aclion needed
20-70 possible 1igk: action needed
<0 acceplable Aisk; consider action

However, it has to be repeated that there exists no dose-response for AF or actinomycetes, possibly
only for endoloxins. Further epidemiological studies are necessary, also to show the sffect of a
chronic exposure {0 organic dusl in concenérations that are below those known Lo eficit the ac-
knowledged occupational diseases like Farmer's Lung or ODTS, bl well above those encountered
in normal air.
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1.8.3 WAYS OF POSSIBLE INFECTION

Pathogenic microorganisms are either attached to the compost material, or are emiited in form of
bioaerosels ofien associated with dust parlicles. Infections or allergic reaclions in compost wotkers
can occur by inhalation or swallowing of agrosols, by oral contacl with compost due 10 insufficient
persenal hygiene, or by entry through wounds (BITTIGROFER, 1994), While the lasi two possibilities
can be avoided by an adequate instruction of the personnel, and technical measures [protective
clothing, etc.), the emerpence of bicaercsols can not be completely avoided, unless the composting
installation is entirely enclased and antomated, and the vitiated air is fillered before emission 1o the
atmosphere. Although effective personnel protection ceuld be given by the wearing of masks, this
is, because of reasons of comfort, only feasible in special siwation and for a short peried of tlime,
e.g. for control of compleicly closed installations or biofiliers.

1.8.3.1 AEROSOLS

A collection of airbotne biological particles is ¢alled a bioaerosol. Those generated by agitation of
moist compost during the rofting phase are a mixture of microorganisms and plant particles associ-
ated with inorganic particles, surrounded by a thin layer of moisture and often consist of aggregates
of scveral organisms (STETZENBACH, 1997).

Human exposure to asmsolized microorganisms and their metabolites happens mainly by inhalacion
of aerosols: the average amount of air inhaled is approximately 10 m*day (STETZENBACE, 1997);
one breath accounts to 0.5 (po activily) to 3 (heavy work, sport) liters, which adds, by 16
breaths/min, (o an average air volume of 0.8 m*/ hour by maderate heavy work (MARK, 1992).

Large airborne pariicles are lodged in the upper respiralory tract (nose and nasopharynx), particles
< 6 um are transporied (o the lung, and the very small fraction (2-3 pm) gets to the alveoli, There is
a difference between month breathing and nose breathing: REPONEN et al. (1996) reported for Cla-
dasporium cludosparicides spores (diameter = 2.3 pm) ao alveclar deposition of 15 % when nose
breathing, but of 25 % when "mouth” breathing (= 60 % actval mouth breathing and 40 % nose
breathing).

Aerosols are, after their release, transported by air. Their seltling is aifected by 1he physical propet-
tics of the particles (size, density, shape) and the environmental parameters (air currents, relative
humidity, lemperature) (STETZENBACH, 1997). The dispersion can be calculated by the Gaussian
plume dispersion model, based on the idea that the mean concentration of bioaerosol particles are
normally distributed about the downwind plume axis from a point source (LIGHTHART, 1994), The
model takes into account the following parameters: wind speed; emission strength (chw/m®s™); ini-
tial height of plume rise, which is a funclion of the height of the source and air temperatute at the
moment of emission; horizontal and vertical plume spread, which are a funclion of almospheric
stability (strength of wind, cooling or heating of the air by the ground, roughness of the terrain), and
in the vertical direction, particle seuling speed as a function of particle diameter; and the deaih rate
of microorganisms. The last point can be neglected in the case of AF spores, because they are quite
resistant (o drying and UV radiation, al least a1 the short distances a1 which emissions are measured
(LIGHTHART & SHAFFER, 1997). However, litlle work assessing their survival rates in aeroscls has
been completed {MOHR, 1997). Sehiling speed for AF spores is, due to their small size, quite low:
between 0.02 and 0.05 cm/s (GREGORY, 1973}, thai means the spores stay airhome quite a long
time.
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DANNEBERG ef al., (1997} used a simplified model, based on the measuremenis of NO,-emissions,
to desermine the dispersal of microorganisms from a biowasie composting plant:

eoncentratian of microprganisms (chum? air)
emission rate {clu/s)

wind spead {m/s)

dislance balwgen gource and maasuring place (m}

&= Q/E"

me oo
nmnwn

Emission raie of total bacteria during sieving of 12 week old compost was calculated as 3-10% efu/s,
that for general activity a1 the site of 1-107 cfu/s. Calculated values were one order of magnitude
higher than those measured.

MILINER et al. {1980} measured ihe acrolization of AF during the movement of 21 day old sewagc
sludge compost with a front-end loader. Far concentration in the compost of 1.2-3.3 107 cfu/pDW,
an emission rate of 4.6-10° cfufsecond was estimated. The aushors stated that with a urning machine
this rate would mest probably be much higher. From this emission, the dispersion was calculated: in
1 km downwind, the residual concentration would amoant o 1.167 efu/m’ under stable mctearo-
logical conditions {class A), but only to 5 cfu/m® under very unstable conditions {class F). Besides
the meteorological situation (strenglh of wind, cooling or heating of the air by the ground), the
roughness of the terrain will contribule te unstable condifions, leading to a greater diluticn of
spores.

The geographical location of a site is very important: if a rapid dilution of spores is desired, Lhe site
should be as exposed to winds as possible. If, on ihe contrary, emissions should be minimal, an en-
clasure of 1he sitcs with 4 wall or irees would be appropriate.

1.8.3.2 PROBLEMS RELATED TO THE OETECTION OF AEROS0OLS

There exists a wide variety of bioaerosol sam-
plers, which work on different principles of
removing airhorne particles from its suspension
medium, the air: sedimentation, filiration, im-
pingement {liquid) or impaction (=clid surface),
The most used is the impaction meihed on a
solid surface (agar or filer). Particles are sepa-
rated from the airstream by their inertia, forcing *  peure6:  fmpaction principle of ihe collection of
their deposition onio a solid medium. The im-  bioaerosols {from BUTTNER et al., J997).

paction pracess depends on size, density, and

velocity of the particle, and on 1he physical pa-

rameters of the impactor, such as the inlet nozzle dimensions, and 1he speed at which air is sucked
in. The sampled air exits the impactor’s inlek nozzle as & laminar air jei direcied at the collection
surface, and particles with sufficient inertia impact (Figure 6, BUTTNER ef al., 1997).

In ihe studies reporied in the literafure, differeni samplers were used io detect aicbome microorgan-
isms at composting sites, most often the six-stape Andersen Sampler. The siages have decreasing
nozzle diameiers so thai successive stages colleck progressively smaller particles. We vsed in our
siudy a one-stage sampler, which did not allow a separate detection of particles according o their
size, In the literature, a lo of data about the size disiribuiion of fungal aerosels ai composking sites
exist (JAGER et al., 1994a and b; MILLRER ef 2l 1980, GREGORY et ai,, 1963), all showing that a
large part of the particles are of respirable size.

&6
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One important feature of acrosol samplers is the
collection efficiency, e.g. the ability 10 remove
particles form the airstrcam and to transfer them
1o the collection medium. The physical charac-
teristics of the inlet nozzle (diameter, form), and
the airflow rate determine the velocity of the
laminar air jet al the moment of impaction. This
determines the so-called cot-off diameter or ds;,
indicating the particle diameter ot which 50 %
of the particles are collected. Because of the
. . - = sharp cutoff characteristics of impactor sam-

" np.mu. d::mamw * plers, the dgp is generally considered to be the

, . , . . particle diameter above which all particles are
g:f,:;-;f ”f;j'w “':ri :ﬁ;:ﬁ;y a’:i;_g:;: ?g;uu’g collected. For efficient collection, the bicaetrosol
11985} gampler has 1o have a dsg that is below the mean

gize of the microorganisms being sampled
(BUTTNER et al., 1997).

Sampling reta {1 emin)
i 8 ]
L) L) T

Figurc 7 shows the effective sampling rates as 4 function of the particle diameter for the Surface Air
Sampler (50 on 90 mm head). The dsg is about 2 um, just below the reporied size of a mean diame-
ter of AF spores of aboul 2.5 pm. However, the cutoff is not very sharp; very small AF spores might
nat be collected.

In principle, all bicaerosol sampler are designed for the detection of small concentrations of air-
bome microorganisms, as for the control of hygiene in hospitals or food industry. In environmental
situations, concentrations are often much higher, leading to plates that are completely overgrown, In
order to cgunter this problem, samplers are on the market where the air gets washed of its panicles
by a passage through a liquid. From this eollection liquid, dilutions can be carried out on different
sclective media. This method has the disadvantage that the microorganisms are exposed (o a great
stress when passing from the air to the liquid (BUTTNER er al.. 1997, TERZIEVA ¢t al., 1556),

Another problem enconntered with many type of air samplers is the imprecision of the amount of air
drawn in. MEHTA & PIERSCHN (1996} found in a study comparing differcnt air samplers that the
measured airflow differed sometimes considerably from the manufacturer’s stated rate (e.g. Bork-
hard air sampler; 28.3 I/min, instead of 20 IYmin, SAS Super 50 with 55-mm Rodac® contact plates:
85 I/min instead of 20 1/min). LACH (1585) tested the performance of two SAS samplers, equipped
with 55 mm (for a 220 hole sieve plate} Rodac® or 90 mm (for a 487 hole sieve plate) Omiko®
plates. The nominated airflow for both samplers was 180 L'min, but the measured values were
212 and 200 I/min, respectively. It eould be that the filling height of the agar plates were not as rec-
ommended by the manufacturer. HECKER & MEIER {1591) had demonstrated that if the plates were
overfilled, the air volume was strongly reduced.

MEHTA & PIERSON (1996) found that the Burkhard poriable air sampler and the Andersen two-stage
impactor recovered more fungal spores (panicle size > 3 pm), 1han the RCS Plus and the SAS Super
90. Comparison between Andersen and SAS Super 90 for the detection of Penicillium spores (1.8-
3.5 um diamcter) showed a higher sampling efficiency for the Andersen sampler, as well as a higher
repeatabitity (BUTTNER & STETZENBACH, 1993). The latter might be due 1o the longer sampling time
{35 minutes with the Andersen sampler, versus | minute for the SAS).
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It is generally observed that concenications of aerosolized microorganisms do vary greaily with
time, due to an inhomogeneous distribution in the air, and to irregular emissions (BUTTNER ef af.,
1997). This is independent of the type of used air sampler, which are by themselves normatly quite
consistent in their performance. Concentrations of total mesophilic bacteria in a municipal solid
waste facility measured simultaneously with two identical samplers differed scldom by more than
20% (LEMBKE ez al., 1981).

JAGER 2t al. {19942) chserved variations up 10 a factor 400 when taking 30 parallel measurements in
composting installations,. In this sense, air samplers with a lower sucking speed, collecling over an
longer period of time, would show aerosol concentrations thal repeesent better mean concentrations.
A \echnical guideline in Germany specifies the number of samples Ihat have I be taken, as a func-
tion of the sampling time: when measuring for one minuie, for example, a minimum of 20 single
samples should be taken at one position (JAGER & ECKRICH, 1997).

Lately, detcction of microbial cells in aecosols with molecular biology methods have been devel-
oped (MEEF et al, 1995}, This allows the specific detcrmination of certain grovps or species by the
use of pene probes. If the whole cell hybridization (NEEF et al, 1995) or solid-phase PCR
{ALVAREZ ef ai., 1994) (echnique is vsed, the problem of viable, bui non-culturable microorganisms
due 10 stress of aerosolization and sampling, can be overcome.
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1.9 Al OF THE PROJECT

1.9.1 PRELIMINARY STUDIES

The occupation with compasting it the Laboralory of Microbiology started in 1990, when quesiions
about the possible emission of fungal spores from a composting site thar was situated right next to a
hospital were raised. In collahoraiion with experts from other flelds (waste management specialist,
allergolopist, hygienist), the site, 2 very exiensively managed open-air windrow sysiem, was examined,
and ihe presence of high concentrations of AF in the compost (> 107 cfu/gDW) as well as in the air
> 10° efwim® during trrning with a from end loader detected. Recommendations were issued to move
ihe compasting site to snather location (TRELLO BEFRA, personal communication), ITmmunclogical
studies {Tg-specific ELISA iesis and lymphocyte transformiation ests (LTT)) pedormed on 15 compost
workers chronically exposed to organic dusts showed increased LTT responses, comparable to those of
to AF allergic patients, but no increase in antibodies (GUMOWSKI ef arf,, 1992).

In 1993, under mandate of the Swiss Federal Office of the Environment, we performed a cross-
sectional study, comparing the occurrence and ihc dispersal of AF in eighy different composting plants
using different composting systems (BEFFA et al., 1993). The resulis can be summarized as follows
{LOTT FISC1tER ef af,, 1995):

AF was deteeted in 2l composts, independent of the camposting technology, although considerable
varialions were abserved from one siie to the ather, even if the same composiing system was used.
Numbess of AF were lowest when compuosting in bioreactors. In general, more molds could be found
at the sucface of the compost beaps than in the center, where higher temperatures prevented mold
growth. Numbers of AF in fresh composts varied from not detectable to 1-10° clu/gDW. If the initial
maierial comnained more garden waste, numbers of AF were higher than if it contained more kitchen
wasic. In {he infeemedisie compost, when the highest temperatures {up to 60°C ai the surface, and vp
10 70°C in the center) were reached, numbers of AF were reduced significantly. Tn the mature compaost,
though, a recolonization by molds was often observed. Lower ternperatures and storage in huge piles
that were net lurned favored the development of AF, especially at ihe surface.

When comparing 1he resulis from different composting sites that used the same composting technol-
ogy, two factors seemcd to influence greatly the proliferation of AF: the wirning frequency of the wind-
rows, and the degree of humidity in the compost. In was found that because of the low temperatures in
the outer layers of windrows, it was no1 the core temperature that was decisive for ihe elimination of
molds and other pathogenic or allergenic inicroorganisms, but it had to be ascertained that 65°C were
reiached in the whole compost material. Thus, a prerequisile for a good composi management proved
te be an cfficient compost tarning system thai allowed rapid torning, a good mixing of the compost
and addition water if the compost was too dry.

From observattons made in sysiems that used artifictal acration, it was inferred that good oxygenation
of the compost was necessary for an optimal degradation of the erganic material, and helped to prevent
bad odors that occurred if the compost became anaerobic. However the amount of injected air was not
optimized so thut it did dehydrate or cool down the compost oo much.

AF spares present in composts got dispersed in the air during shredding of the biodegradable waste,
turning of the heaps, aeration of the windrows, and to a minor degree during screening of the mature
compast. Correlation was found between the amount of molds in the compost and their concentration
in the air, although weather conditions and type of turning sysiem influenced the dispersion.
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Mold counts were high clase 1o the working areas, but decreased considerably already at a distance of
50 m downwind. Tuming of fresh compast released more mold particles than twming of matwe com-
posts. This was in accordance with the lower mold densities in the mature composts. AF counts in the
air around totally ciosed systerns (bioreactors) were imsignificant. Concentrations of AF in the air at
sites treating only small amounts of green waste were lower than at industrially operating sites, There,
the cohcentrasions without activity were significantly higher than in places far from composting sites.
Every site was only investigated once, presenling therefore only a2 momentary piciure, The influence of
seasonal variations, or the performance of a given system with different types of waste (e.z. more wet,
unstructured kitchen waste due to extended curbside collection programs) had not been tested.

1.9.2 PRESENT STUDY

On the bases of the observations made in the above mentioned studies, we started in 1994 a three-
year project financed by the Swiss Federal Research Foundation (Praject no. 5002-038921, Priority
Program Biotechnoiogy, Moduie 5b {Biorisk), project leader: Dr. TRELLO BEFFA) with the title
Compesting of organic wasles: oplimization of the thermogenic phase 1o overcome hygienic
and public health hazards. The aims of this study were {project text): a) to understand the condi-
tions of the appearance of hazardous orpanisms (pathagenic and allergenic molds and bacteriay in
compost; b) to evaluate the risk that constitute these; c) to develop procedures thal would lead to a
better hygienization, especially opttmization of the thermogenic phase, and d} to transfer the resnlts
lo existing composting plants and 1o evaluate the effects of proposed improvements in situ.

Destruction of composl pathogens is ciosely related Lo the development of elevated Lenperatures in the
composting cycle, However, recommendations were fommulated that temperatares should not exceed
65°C, in arder lo prevent a "microbial suicide” (DE BERTOLD ef al., t985). In onder Lo get more insight
into the bacterial flora during the thermogenic phase, part of the project work dealt with the ecology
and taxonamy of the thermophilic bacteria (MICHEL BLANC, 1997) as well as the prowth characteris-
tics and degradation potential of some of these thermophiles (PIERRE-FRANCO1S LYON).

My part of the project was to elucidate the occurrence, growth and dispersal of petentially pathopenie
andfor alfergenic microorganisms in campost, to fest the effect of thermohygienization {reduction or
elimination of pathogens by heat) tawards these organisms, and to evaluate the recolontzation potential
during compost maturalion as a function of organic matter degradation (= stabilization},

Our investigations were restricted to AF and to Gram™ bacteria as indicators of mesophilic organisms,
also with the intentton to determine if AF could serve as indicator organism. Pant of the results abaut
coliform bacteria presented in this thesis are from VERONICA GARCIA (1998), who carried oul her
diploma work under my direction.

Although an abundance of studies exist about the presence and dispersal of AF during composting
in different types of systems, and with different starting materials {sce Tables 7 and 8), no data are
available about fhe influence of operational characteristics of different composting processes on the
growth and dispetsion of either fungi or bacteria. The only recommendation given by MILINER
(1995} is to reduce bulk movement of compost, and to prolong the curing time. This is, however,
against the very aim of a non-static composting systerm.
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HANSEN ¢t al. (§996) listed ihe followiag factors that can be controlled during any compesting pro-
cess, although not every system allows the sarne contral,

Table 20:  Controllable faclers for composting (HANSEN & ol., 1996).

inilial subsirate /mix process parameters process parameders (suite}
organic amendment type of process maisiure control
CAd ratio / bulking agents particlic size (choice of shredder) 1emperature control
pereent recycled compost reaetor vessel £ windrow size aeratian (frequency / force /
maisivre content Mixing equiprment percen recycled Bir)
fnoculation turning frequency 101ting and cuving time

The centrol of the compasition of 1he inilial substrate is normally not feasible : all the material that
is delivered to the sile has 1o be processed. Only during winter can wood be stocked, and used as
bulking agent in summer, when too mach wet material amrives, Neverltheless, the study of the influ-
ence of different initial sobstrates on the composting process can help to foresec measures to take
when the stacting material varies dve to seasons, or when special materials have to be composted.
The type of process, as well as the particle size, mixibg equipment and reactor or windrow size (the
latter is normally deztermined by the type of tuming machine used) are normally given, and can nol
be changed unless a siie is newly constructed or radically rebuild. However, if serions problems
exist, ¢.g. with bad oders, reconsiderations about the type of process has to be made,

The factors easiest to control are the ones connected with the composting operation itself: wming
frequency, meisture and femperature cantrel, acralion and acinal composting, and curing time.

Figure 8 presents praphically the influence that these factors have on the organic matter degrading
microflora, and thus on microbial activity, which eguates io heat ouiput.

compoaition / mix of the Initiel weate

stage of maturity —— _____com
* \\ posiing end

curlng tims

| heal gensietlen by microblal actlvity |\
/ ] \ fras air

- type ol microflore space

mesaphllic, thermaphlii) redistribution
o - at {mesap i PRIBE) " oF hutrients
/ xygenation self-lin;ilailan \ axygenation
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Ll
latent haat evaparative coaling

wataring

) |

evaporetion
P \:] temparature Increase by heat conservetion

valuma/surlace ratio _ .
=2 gonduction B\'Bpﬂrallulve coaling

1
plte fbox slze aarstlon eycle

Figure 8:  Relationship bemwee preraniee and other physico-chemicol compol paromeiers.
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The approach of our research was to consider the hygienization of compost as 1he consequence of
high temperature formatien through optimal compoesting conditions. By an accurale description of
ihe composting process and its main paramcters (composiiion of the slarting material, size and
shape of compost heaps, turning frequency, acration cycles), it was tried to determine their influence
on the composting process, and ultimately on the thermchygienization, by monitoring physico-
chemical compost parameters (temperature, gases, pH, humidity, organic matter, etc.).

The main part of the work were field studies, while some lahoratory experimenss, either in a bench-
scale composter (PIERRE-FRANGOIS LYON) or with pure cultures isolaied from composts, served to
isolate some factors and ta study them separately.

For aur study, we were working in close collzboration with several composting indnstries, repre-
senting some of the most frequently used systems in Switzerland. The choice of the partners was
made by the system they employed, but also by their willingness to place their installalion at our
disposal for experiments, 2nd by the geographical lacation of the site. The rypes of sysiems can be
classified as follows, in ascending complexity:

* open-air windrow composting with natural aeration

* box compasting with er without forced aeration, roofed er inside a building
» irench composting, with forced aeration, inside a building

» in-vessel composting, with forced aeration, inside a building

At the composling sites of cur industrial partoers, the presence and dispersion of AF and coliforms
wese investigated. In function of the results obtained by a first survey, changes in the compost man-
agement were proposed, and, if implemented, monitored.

Field studies have the advantage of giving an insight into real life working situations, Ou the other
hand, parameters such as the exact composition of the starting materizl, turning and asration cycles,
as well as meteorological conditions are difficult to control, Understandably, the proper functioning
of the installation is often given priority over 1he needs of the experimental procedures. Also, ihe
geographical distance of the sites to ooy laboratory made a close surveillance of the experiments
impossible.

a2



Material and Methods Laboratory sludies

2. MATERIAL AND METHODS

The first part of this chapter deals with the laboratory experimnents designed 1o elucidate certain
phenomenz that were observed during the ficld uials. The methods used for the field irials, as well
us thie experiments carried out a1 each composting site will be deseribed in the second part.

2.1 LABORATORY STUDIES - PHYSIOLOGY OF ASPERGIL-
LUS FUMIGATUS

The experiments in the laboratory were caitied out 1o determine physiological properties of AF,
especially its thermoresistance. They also served to compare sirains isolated from different com-
posts, and a strain of medical origin, All shaios isolated fiom composts came from the open-air
windiow site, and were recovered from compost afler turning.

The following strains were lested: '

» GR2 isolated fiom the air, during turning of 12 week old compost
» GRS isolated from fresh biowaste

» GRE isoluled fiom a 2 week old compost

» GR7 isolated from a 6 week old compost

» GR8 isolated from a 10 week old campost

» G10 medical strain (spontanecus nitrate reductase” mulani of strain CBS" 144-89, described
by JATON-OGAY ef al., 1994)

Strains were isolated on Malt Agar, purified, the spores suspended in phosphate buffer™, and stored
frozen at -80°C in 10 % glycerol, as proposed by DENNING et af. {1992).

All physiological 1est were carried ont on Malt Extract'® (1.5 %), either solidified with agar (2 %)
or liquid. Because of the higher purity of this malt extract compared to the one used for the enu-
meration, the agar plates or broth oblained was clear, and allowed thus an easier optical evaluation
of prowth.

2.1.1 MAXIMUM GROWTH TEMPERATURE

Temperature is the most important factor govemning the growth of any microorganisins found in
compost. To delermine the cardinal temperatures that allowed prowth of AF, the strains GRS 0
GRE were incubated in a Temperalwe Gradient Incubator (TGT™® on malt extract agar slan wbes,
al lemperalures ranging from 5.2°C to 59.6°C. The caleulated temperature difference between 2
luhes was t 88°C. Tn total. 30 wbes were inaculaled, each with 10y of thawed spare suspensions,

1 Ceniraslh voos Schitnioeleuliures, Baamn, NL
% oH 7, with 1he addition ol 0.005 % Tween 80

¥ Mali Exiract Broth {Oxoid, CM57}

B Scicnlific fndustrics lnc., New Yark, USA
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and incubated in the TGL. About every 12 hours, the growth and the forration of conidiospores
were recorded with the naked eye.

2.1.2 GROWTH RATE

To determine the temperatnre that allowed maximum growth rates, 10 ! of thawed spore suspen-
sians {GR2, GRS to GRE) were ingeulated in duplicate in the center of 9 mm Petri dishes filled with
25 m] of malt agar. The plates were incubated in destceators with water on the bottom (100% rH), at
18, 23, 30, 37, 40, 45, 50, 52 and 35°C. The colony diameter was measured every 12-24h,

2.1.3 FROM GERMINATION TO SPORULATION

Deumeromycetes (Fungi imperfecii), to which AF belongs, have a life cycle that consists in a vegeia-
tive state, during which 1he fungus grows. Then follows a phase of development of asexual repro-
duction badies, the conidiospores. These become disengaged from the paceni thallus, and are dis-
persed. 1n a svitable new environment, such spores initiate new mycelia (SMrTet & BERRY, 1974). In
the context of composting, the time that such a life cycle takes is of importance when determining
1he interval between 1wo turning ¢venis: by mixing, material from the cenler of a compost heap thal
has already vndergone thermohygienization is reinfected with spores formed in the outer, cooler
layers. If the life cycle of the fungus is short enough, those spores can germinate, grow, and new
spores can be formed, thns leading to a renewed infection and (he temperature appropriate,

To test ihe conditions that allow germination and spore formation of AF nnder laboralory condi-
tions, 10 pul of thawed spore suspensions (GR2, GR7 and G10) were inoculated on microscopic
slides covered with a thin agar film (1 ml of either malt extract agar or compost agar®' per slide
{76x26 mm)). The slides were placed on glass beads in sterilc Petri dishes with water at 1he bottom,
and incubated coversd at 30, 37, 45 and 30°C. Germination was observed microscopically directly
on 1he slides every hour for the first 12 b, then in greater imervals.

2.1.4 THERMORESISTANCE

Hygienization of composi can be achicved by controlling 1the process in a way thar high rempera-
tures are reached in 1he malerial, To determine the temperatures thai have to be obtained 10 destroy
either AF mycelium or AF conidiospores, the thermoresistance of (hese two physiological siates of
AF were tested.

2.1.4.1 AFMYCELIUM

2.5 ml of thawed spore suspensions (sirains GR2, GRS, GRS and G10) were inoculated in malt €x-
tract broth under strong agitaiion (250 rpm) in a baffled Erlenmeyer flask at 37°C overnight. By this
way of submerse cullure, a homogenous suspension of fine rnycelmm particles was oblained. Mi-
croscopic control showed no presence of conidiospores,

2 m! of this mycelivm suspension were added 10 test-inbes conainiag 4 ml of sterile malt extract
broth that had been pre-heated in a water bath to the temperatare at which the thermoresistance was
tested. Afier differem exposure times, the inbes were removed from the waier bath, and cocled im-

2 50 g of 2 week old compost were suspended in 150 mi detanised water, sonicated for | minule, agirared 10 minutes al
200 rpm at room kemperature, sonicated for 1 minute, and cerrifuged 10 minwies av 10700 ;pm. To Ihe supernalant,
apsr was ndded 1o 8 final concentretion of 1.5 %, and amoclaved.
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mediately in ice water to <J0°C. The temperaturz of the waler bath, and the temperziure inside a
control twbe were monitored continuously.

The tubes wese then left at room tempersture (not onger than 15 minutes) until the activity of the
mycclivm was measured by determining its consumptior: of oxygen with a Clark type polarographic
oxygen clecirode. The samples (3 ml of either the mycelium suspension that had been incubated, or
of unexposed mycelium) were filled in magnetically stiveed (stiming speed: 480 rpm) sampie cham-
bers, which were placed in 4 circulating water bath set a1 37°C. Before each measurement, samples
were heated to the measurement temperature and saturated with air by stirring for 2 minutes without
the clectrode being inserted. The consumption of oxygen was followed for at least 2 minutes, and
the gradient of the resulling curve delermined {rom the moment on that the O, consumption was
linear. From each measwrement, the oxygen used by the mall extract broth alone was subtracted,

The consumption of oxygen (nmol Oz-min"-mg DW') was calculated on the base of an oxygen
conlent of the salurated mali exiract brath of 199.9 nmol/ml. The dry weight of the mycelivm was
determined by fillering 50 ml of myceliom suspension through a pre-dried, pre-weighted folded
fileer, which was ther dried under vacuum at 70°C for 24k, and weighted again. From the graphic
depiction of the values of Os-consumption {(on a logarithmic seale} versus time of exposure, the
slope was calculated. The resulting D-value {1/slope) indicates the 1ime in minutes st v given tem-
perature necessary for a 90 % reduction of the Oz-consumplion.

2.1.4.2 AF CONIDIOSPORES

Malt agar slanis were inoculated with thawed spores suspensions and incubated for one week at
37°C, o obtain heavily sporulated cultures. The conidiospores were collected in the caps of the
slant tubes ky knocking the tubes gently while they were hold upside down. Afer transfer 1o a ster-
ile vial, the spores were kept at 4°C wntil use. The “dry” harvesting of conidiospores had the advan-
tage that only the spores were collected, and that they could be stored for some time.

To prepare the suspensions for the thermal inactivation experiments, the spores were suspended in
phosphate-citrate buffer” (accordingly to FUKAWA & ITOM, 1996) and homogenized for 2 minutes
at high speed in the Stomacher Lab-Blender™ to break up aggregations and chains of spores, After
estimating the number of spores with a hemocytometer (average of the count of 20 small squares),
the suspension was diluted with buffer to give 2 final conceniration of 2-10° sporessml, and {illed in
sterile Pyrex test tubes with tight plastic caps, in pottions of 3.5 ml. The samples werc heated in a
water bath that was kept constant at the iemperawre al which the thermoresistance was tested. The
temperature of the water bath, and the temperature inside a control tube were monitored continu-
ously. In order to bring the sample (o the designated lemperature, it was pre-heated for 2 minutes
(temperature raising period, initial spore concentration afier the pre-heating period == N3), after
which the ternperature halding period fallowed. After the exposition, the mbes were cooled imme-
diately to <i0°C in ice water. They were then kept at room temperature uniil the viable spore caunt
was carried out by MPN: from dilutions (1:5) in physiolegical salt solution, 10 x 10 @ per tube
were spot-plated on Malt Extract agar. After incubation at 37°C for 48-72h, the number of spats that
showed growth werc counted, and thc MPN / ml spore suspension calculated. The results were pre-
sented graphically as the rate N/N, of the spore number after N minutes of exposure over the spore
number after the pre-heating period (N2}, on 4 logarithmic scake, versus the time of exposure.
Experiments were carmried owl with the sirains GR2, GR7 and G10.

2 0.1 M NagHPO,- 12 Hy0 (= 5.8 g/M), 1000 md deionized water, 0.05 m1 Tween 80, Adjusted with 0.05 M citric acid
monahydrale (135 g} o pH 7.0, antaelaving.
» Seward Medical, London, UX
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2.2 FIELD STUDIES - METHODS

Field studics were carried on at the composting sites of onr indusuiial partners, and always com-
prised Lthe following componenis:

= Measurement of physico-chemical parameters (temperature, gases) in (he compost

« Measurement of bioaerosols generated by the differenl activities on the sile {compost unloading,
shredding, lurning, screening, cic.}

» Compost samgpling, cither before or zfier taring
» Measurement of iniciobiological paramelers {imolds, bacleria) in the compost samples

« Measurement of physico-chemical and chemical purameters {watcr content, pH, nutrienm content)
in the composl samples

The following subseclions will deal with the diflerent kinds of measuremcnis carried oul in the
course of the field sludies, and will be presenied in the order mentioned ahove, as this corresponds
1o the sequence of activities on each sampling event.

2.2.1 ON-SITE PHYSICO-CHEMICAL MEASUREMENTS IN THE
COMPOST

The physico-chemical measurcments in the compost give an indicalion abowt the progress of the
composting process, and allow lhe delermination of the living conditions for the compast micin-
organisms, either the ones responsible for the degradation of the organic material, or ihe pathogens.
The parameters determined were termperature and gas goncentrations. The following deviecs were
used:

2.2.1.1 TEMPERATURE

In funciion of measuring depth and mode (spol checks or continuos} differeni thermomiclers were

used.:

« up 1o 30 cm of deplh: Ebro TTX 2908* {acc.: £0.1°C)

« up 1o 1.5m of depth: Sekundenthermometer TM-920C" (acc.: max. £ 1% of lhe measured
value)

= upio 6 m of depth: Heumesssonden HMSA 40000 or 60007° {uce.: = 1.5°C)

* continuons measurements; Squirrel Data Logger 1201- 170K, wilh thermisior temperainre probes,
type CT?? (acc.: max £ 0.18°C)

M Ebro Elecironic GmbH, Ingoldsiati, D

* Sickzner GinkH, Nismberg, D

3 M, Heim Gmbld, 72218 Wildbeirg, 12

¥ Grant insirements (Cambridge) Lid, Baringian, Cambuinge, UK
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punctual weasnrements). From these xyz triplets (the x and y are shown in Figure 9), a mesh grid
wis interpolated hy the inverse distance aigorithm, and the new daty points depicted as a contour
pict. The distance weight vahuie was 5. For the calculations of the temperature iso-curves af irian-
sular windrows, intervals of the mesh were 2% in the x-direction, md 5 {for 75 min high winurows),
6 (for 80-85 ¢m high windrows), 7 (for 90-100 cin high windrows} or 8 (for 100-125 cm high wind-
rows), respeetively in the y-direction, Measurewments that had been made for cne half of triangutar
windrows were considercd 10 be symmetrical foi 1he other half, The program used for these opera-
fions way SigmuPloin. version 3.0, The contour pjals were then manually redrawn, thereby
smaolhing the conlours.

2212 GAS CONCENTRATIONS

Figirg 8: Dta piits ased to valcalate iso-curves in a compest wind-
o

TFar gas cancentration measurements, two type of appu-
ratus were tiscd: muliigas deicction instruments {Mul-
tiveaen) or gus fubes. Both are fabricased by Dirfigerwerk.
AG®. Carbon dioxide was measured a1 the beginning
of he project with gas tubes, later on with the newly
acquired Multiwam CO,/CO.

For the gas measnrements, air was sucked through a |
or 1.5 m iong closed steel ube with a nomber of holes
at the end that was inserted inie the compoest {Figure
I+ 1 cm i0). To avoid damage io the gas measurcmcit instau-
[ £ ments, 1he air was passed through a 1ube with silicage]
10 remove excess  humidity. The Mulowaras
Figure 1 Cos measirmuent prabe. {Ox/H.S/LEL and CO/CO) were branched in parallel,
the wirflow of each apparaius being 0.5-0.8 ¥min. They
were calibrated regularly in 1he lzboratory, and were
cenirollcd onge a year by the manufacturer.

silicags|

=15 m

# tundel Scientific Gubid, Erkrath, D
® Driigerwerk AG, Lidbeck, T
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Table 11 gives an overview of the gas measuring apparaiuses used, the measuring principle. the
measurement range, and the resolution. The error of all Mulliwam sensors is smaller than 5 % of the
measured value, and + 0.2 vol % for the oxygen measurements.

Table 11;  Characieristics of the air sampier used.
gas type of air sampler m:;‘ MEESUremeEnt range resolutlen
oxygen (0 Multiwam P, Oy-Ez-H;S galvanic cell 0-25 vol% 0.1 vol%
hydrogen sulfide (H;S) | Multiwarn P, 0:-Ex-H,8 clectrochemical | 0200 ppm 1 ppm
methane {CHE) Wluliiwarn P, O;-Bx-H,5 calalytic vxidaion |0-100 % LEL { = lower 1 % LEL
(heat of reaction) c_xplosim level of explo-
sive gases}
100 % = 5 % ipethane
carbon dioxide (C0O,) | Multiwaen TR, P/CO,-CO infrared 0-100 vol%e ® .
carbon monoxide (COY | Multiwarn IR, PICO,.CO elecirochemical 0-200 ppm 1 ppm
ammeoniac (NHy) Driiger 1ubes ammoniac chemical 2-30 ppm and 5-70 ppm -
2w and 5/
hydrogen (Hz) Driiger 1whes hydrogen chemical 0.2-2 vol % -
0.2%/
carbon dioxide (COy | Driiger iubes carbon dioxide | chemical 0.5-10 vol%e, 1-20 vol% -

0.5%/M, 1%/a and 5%/A

and 5-60 vol% |

* 0.01 vol% % in the rznge of 0.5 vol%
0.1 vol% in the range 4.5-10 vol%
1 vol% in the range 9.5-100 vol%

2.2.2 BIOAEROSOL MEASUREMENTS

Fer measuring the content of microorganisms in the air, we used different bioasrosol samplers:

+ Surface Air Sampler (SAS) Standard™ with a 96 mm head
» SAS Super 30% with 2 90 mm head

+ MAS-100"

The samplers used present the following advaniages, compared to other samplers on the market

(Anderson, Renter Centrifugal Sampler (RCS))

# light, compact, battery-powered apparatus
» one-slage samplers, lhus a reduced number of Pairi-dishes
& quitg high air-flow (90-180 liters/min), making possible repeated measurements during the oflen

short momenils of bioacroscl gencration, e.g. dumping of waste

= utilizalion of Petri-dishes with a diameter of 3 cm, which allowed the counting of up to 250 fun-
gal colonies, in contrast lo the RCS, where pariicles are impacied on agar strips of 2 ¢m widlh

¥ Pool RBioanalysis ltaliana {PBI), Milano, §

¥ MBYV, Stifa, CH
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The MAS presemied several additional advantages:

» yse of standard Petri dishes, io contrast 1o the SAS, where special contact plates filled exactly to
{he rim with near medium have to be used

+ integrated flow monilor that regulaies the aspirated air to a constant value of 100 Vmin, thus
campensaling for wind during sampling, as well as varying volumes of agar in the Petri dishes

The characteristics of each sampler are presented in Tabje 12,

Table §2:  Characrerisiics of the bioaerosol samplers used (JENSEN et al., 1994 and R., MEIER, Novartis Pharma AG,
Busel CH, personnl commumication).

u d miniwmam spm- | upper Emit of detection
sampler [mss] umi] m.?lin] ne. ofholes ) Ciing volume [1] i [cfu/m’] *
SAS Standard | 14.70 2.0 180 487 60 5.510°
SAS Super 90 8.72 27 g0 487 10 4.3-10°
MAS-100 11.00 1.6 100 400 1 2.8.10°

U welocity of air through a hole

dyg  cut diameter, above which the collection efficiency of the impaciar approaches 00 % {sce Figure T
Q  airflow rate

* with the minimum sampling volume

The samplers differed in the aitflow rate, affecting the minimum sampling volume, and therefore
Lhe -upper limit of detection. Sampling volume was between | and 1000, depending on the sus-
pected concentration of microorganismes and the minimum sampling volume of the apparatus.

For the SAS sampler, Omiko® (Oberfliichen Mikroorganismen Kotiekior)™? phates fifled to the 1im
(14 mi agar/plate) were vsed. For the MAS-100, normal Petri dishes plates were used.

1f an agar plate contained mare than 250 cfu, the result was given as "bigger than the upper Jimit of
detection”, calculated as the probable number of germs ar the maxiroum of colonies possible (487
for the SAS, and 400 for the MAS). I sampling volumes higher than the minimum were chosen, a
lower detection hmit resulted.

The measurements were nommally carried our at 1.5 m height from the ground {nosc height). An
important factar when callecting air spora is hat the sampier is held in a position such that the air
siream faces the entrance, otherwise concentrations are underestimated (EDMONDS, 1979). Sampling
in the open-air was always carried our halding the sampler horizontally. However, it proved ta be
almast impassible 16 measure always in the direction of the wind, as it changed direction all 1he
time, due 10 eddies forming around obstacles.

A1 each sampling location, ihree seplicale measurements were made,

Qutdoors, speed and direction of wind were detecied at the locarion of the bioacrosol measurement,
with an anemometer {(Windmaster Mark 3y,

The choice which sampler to n1se was made on its availability {the MAS-100 was only pirchased in
the last year of the project). Ofien, samplings were carried out simulteneously in different locations,
50 two samplers were wsed in parallel,

% Manufacturcs: Petraplastik AG. Chur, CH
3 gehiltknecht Messtechnik A, Gossau (ZH), CH
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After exposition, the agar plugs were removed, incnbated, and the grown colonies counted. To ac-
count for the probability of more than one purticle passing through a single hole in the sieve plite,
but forming onty a single coiony, the colony numbers were comrected for "Posilive Holes" according
to the following formula (FELLEK, |968; ANDERSEN, |958):

P o { i i i 1 ] P, + expected number of culturable particles 1o produce r
* =N{—+ + +.4 positive holes, i.e. the cfu counted
N (N"1) (N—?) (N-r+ 1] M = 1olal number of holes

In this context, it has to be signaled that the conversion table given in the handboak for the BAS
Standard and the SAS Super 90 is wrong (calculations based on 260 hales instead of 487 holes).
The corrected 1able is given in Annex 1.

To calcutate mican fungal concentrutions, the geometsic mean of the three replicy measurements was
used, becavse severai swdies (MEnTa & PIERSON., 1996, BUTINER & STETZENBACH, (993;
RalKONEN, 1992, Lach, 1983; JoNEs & COOKSON, 1983) demonstrated that dithorne microorgan-
isms showed not 2 normal, hwt a log normal isiribmion. The eafeuation of the geometric mean
allowing no values of 0, 2/3 of the lower limi of detection were used insieal, according to DOUWES
et al. (1996), citing RANNGER (1994),

The results were expressed as colony forming unils (efu) per m’ {= 1000 D air. -

If very high concentralions were suspected. making dicect counting on the agar phine inpossible, the
agar was, afler exposition, removed from the plate, suspended in 100 ml physiclogical sall soln-
tion* and homogenized for 1 min. in a Stemacher. Fron this suspension, decimal dilutions were
carried out, and plated on agar.

Growth media, incubation conditions, and identification were 1he same as for vhe detection of mi-
croorganisms in the compost {sec Chapter 2.2.4).

Comparalive bicserosol measurements to those enmied ont at composting siles were done once a
monih in locations far away frotn any composting instaliations:

# Jn acity conter {(Neuchiicl, 430 m above sca level)

s Tn a reral area (Vai-de-Ruz, agricuRural area, 750 m above sei level)

# On a mountain pass {Vue-des-Alpes, 1300 mn ubove sea level)

s In a suburban arca (Neuchiich, in from of the University huilding (UNJ Mai}), 480 m above sea
level)

Measureinents were always done against the wind, Air temperiture and humidity were detected with
a combined thermometer/hygromcter H 270%,

* NaCl, 9 g
% Dostmann cleslionic Gmbl, Weehgin: Reichholzhein, [
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2.2.3 COMPOST SAMPLING

Conpost samples were taken for microbiological and chemical analyses, usoally at 1he same loca-
tions where temperature and gas measurements had been carried owl previously. Sampling at 1he
surface was done by hand, inside the heap with a compost auger (diameter 10 cm, length of head:
25 cm). The given sampling depth indicates the poasition of the middle of the auger head. If not
stated otherwise, about 2 kg of compost were taken, filled in a plastic bag, and reftigerated immedi-
alely. Samples were transporied cooled to the laboratory, and processed immediately, or siored at
4°C unlil the following day.

2.2.4 MICROBIAL ANALYSIS

Microbial analysis was carried out to delesmine the amount of microorganisms present in the com-
post samples, either of potentially pathogenic or indicalor organisms (AF and eclifarms), or of thosc
responsible for the degiadation of the organic matier.

From each well-mixed compost sample, 30 g of wel compaost were suspended in 270 ml sterile, de-
iomdzed water. These suspensions were shaken for 30 minutes a1 150 revolotions per mimzte (rpm) at
ronm (emperalure, to detach the microorganisms from the compost pariicles.

From the basal suspension decimal dilumions {1 ml in 9 mil) were carried out, either in physiolagical
sult solution or in nutrient broth?,

After incubation, the by the naked eye visible colonies were counted, and the weighted mean of col-
ony numbers was calculated according to the following formula:

o weighted mean of colany numbers
= I e surn of the colonies of all plates 1hat were considered for calcutalions
i, T+, G+, 001 1Y number ol plales ot the owest dilution anatyzable

Mz, 05 number o1 ptates of the next higher dilution steps

The Most-Probable-Number (MPN) of organisms was calcuiated from the number of posilive reac-
tions per dilution siep by a computes progiaim (HURLEY & ROSCOE, 1983), taking inte account the
dilution factor.

All results were expressed us colony forming units (cfu) or Most Probahte Number (MFN) per dry
weight of compost (DWC). All graphs show a logarithimic scale for 1he y-axis.

* MB = Nuirient Bratl, 8 g/l (Merck, 5443}
7t
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Aspergillus fumigaius, total molds and yeasts: 0.] (for plates with 2 diameter of 9 cm) o 1 ml {for
plales with a diameter of 12 cm) from 3 successive dilutions in physiological salt solntion were
plated in parallel on agar p]ales The fallowing medmm was used: Malt Extract Agar’ with addition
of the antibiatics smeplomycm # and novobiocine™. Incubation was caried cut for 24-48 h at 40°C.
AF colonies wete differentiated from other thermotolerant molds and peasts by their characteristic
green-gray colos, the columnar shape of the conidial heads and the size of the spores (SaMson &
vAN REENEN-HOEXSTRA; 1988, see alse Figure 5). The number of cfu was calculated as the
weighted mean of the colonies connted at each dilution. Results were expressed as cfu/gDW of As-
pergillus fumigotus {AF) and of total thermotolerant melds and yeasts (TTM). Lower detection limit
was 5- 10 cfu/g fresh weight of compaost (FWC).

Coliforms, Enterubacteracene and Gram~ hacteria: 0.1 ml] from 3 successive dilutions in
physiological salt solution were plated in parallel on 9 cm diameter agar plates. If not stated other-
wise, the spread plale method was employed, The lower detection limit in that case was 50 cfu/g
FWC, The following media were used;

MacConkey Agar“o: Incubation for 24h, connting of red colonies oanly, 37°C: total coliforms;
44°C; fecal coliforms,
Incubation for 48h, counting of all colonies, 37°C: Gram-negalive bacteria.

Modified Tergitol Agar (MTA)"': Incubation for 24h at 37°C, cannling of red colonies = total
coliforms. Lower limil of detection: 50 cfu/gFW.

VRB-Agar®?: Inoculation in ths agar mass, with overlayer, incubation for 24-48h. Only red colonics
with a diameter of minimam 0.5 mm were considercd, Lower limit of detection: 5 cfu/gFWC.,

CC-Agar*®; Incculation on the surface or in the agar mass, incubaticn at 37°C, far 48h. Enumera-
tion of the different groups of bactetia (Enterobacteraceac, coliforms, E. colf) according to the col-
ony color, as indicated in Table 13,

EC-1D-Agar™: Incculation on the surface or in the agar mass with overlayer, incubation at 37°C,
for 48h. Enumeration of the differcnt geoups of bacteria {(Enterobacteraceae, coliforms, E. coli)
according to the colony color, as indicated in Table 13.

ECC-Agar*: Inocalation an the surface or in the agar mass with overlayer, incubation at 37°C, far
48h. Enumeration of the different gronps of bacteria (Enterobacteracece, coliforms, E coli) ac-
cording to the colony color, as indicated in Table 13.

' MA = Malt Agar: Mah Exiract (Difco, Basingstoke, UK, L39) 20 g1, Agar agar (Merck, 1.01614) 15 g
= 7 Sweptomyein sulfate {Fluka Chemie, Buchs, CH, $5880) 0.05 gt
* Novobiocin sodium sall (Fluka, 74675) 0.01 gl

U MC = MacConkey Agor (Merck, 5465)

" MTA = Modified Tergitol Agor, pH 7.2: Mest Bxtrac (Marek, .1.03979) § g/, Peptone from cascinc, pancreafically
digesled (Merck, 1.07213) 10 pA, Yeast Eswract (Merck, 1.03753) 6 gfl, Lactose 20 g/l, bromothyms! blue
0.005 g/, Agar Agar (4 g1, with the addition of 2.3,5-triphenyl-tetrazolivmeblorid {TTC), 0.025 g/l and 3,9
dicthyl-é-tridecano) hydrogensulfa sodiwm sali {Tergitol 7 or Imbentin-AGS/35) €.1 g/, after auloclaving

* YRB = Violer-Red-Bile-Agar (Merck, 1.01606)

* CCA = Chromocull® Coliform Agar (Merck, 1.01406), with tha addition of cefsulodin sodivm salt {Floka, 22126
15 mgA, afier awoclaving

Y EC.D = £ colf 1deniification Agar (bioMérieux SA. Marcy IEtoile. Fy

* BOC = E. zofifColiiorm Agar (CHROMagar®, Paris, F
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LMX-broth*: & x 0.18 ml from 4 successive 5-fold-dilutions (1 m] in 4 ml) in LMX broth were
distributed into sterile 96-hole microtiter plates and incubated for 48-72 h at 37°C. For each dilu-
tion, the number of wells showing a change of the indicator from yc]]ow ta blue-green were re-
corded.

For the determination of the E. coli MPN, the number of wells showing fluorescence under UV light
{366 nm) and bemg indole positive (appearance of a red color after the addition of 2 drops of the
Ehsfich reactive®” to each well) were takey into account.

The resolts were expressed as MPN/gDWC. The lower detection limit was 28 MPN/gFWC.

Table 13:  Appearance of bacierial volonies on different selective media. ng = ro growth.

mediom MacConkey VRB TGA CCA EC.ID ECC LMX
Gram bacteria colorfess - celorless ng white white -
of red 1a 1ed
Enterobacteraceae | calorless, after | pinpoint, red white white white growth (urbid-
24 b of incu- redd iy}
bation rad
Coliforms red red + halo | red + yellow pink blue red blue-green
hale
Escherichia eoli red ted +hala | yellow + purple pink wrquaise bilue-green +
yellow halp fluarescent +
indole positive

For the identification of sirains isolated from the different selective media, commercial systems
(AP1 20%, AP1 20NE™, BIOLOG™ system™) were used. Tests were carried oul on overnight cul-
wres grown on Nuotrient Agar. Inocalation of the test kits, and interpretation of the results was done
according to the instructions of the manufacturer, The BIOLOG™ system relies on the abilily of the
bacteria ta oxidize specific substrales distributed in 96 well microliter plates (95 different carbon
sources + 1 negative control). Substrate utilization becomes visible by a purple coloration of the
well. Priar to identification, the bacierial strain to be tested must be Gram stained, because differant
plates exist for Gram-negative and for Gram-positive bacteria. Gram reaction was tested (a) by the
Gram differential coloraiian, (b) by the KOH reaction (colonies of Gram-negative bacleria rubbed in
a drop of 3 % KOH salution on a glass slide become viscous, while Gram-positive bacteria show no
reaction, (GREGERSEN, 1978)), and {c) the aminopeptidase-reaction (colonies of Gram-negative
bacteria that are rubbed in a drop of aminopeptidase reactive®™ applied to blotting paper become
yellow after about | min., while Gram-positives stay colorless).

Oxidaze reaction was tcstcd on 24 h old cultures grown on solid media with test sticks® .

Tetal heteratrophic microorganisms: 7 x 0.18 ml from 6 successive decimal or $-fold dilutions in
nuirient bioth were distributed into sterile microtiter plates and incubated for 48-72 b at 30°C for
mesaphilic counts or at 50°C or 60°C for thermophilic counts. For each dilution, the number of
wells showing growth (tnrbidity) were recorded, and the MPN calculated.

The resulis were expressed as MPMN/gDWC. The Inwer detection limit was 28 MPN/gFWC.

6 Fluorocuh® LMX-Broth (Merck, 106200, with the addition of novobiacin (Fluka, 746753 30 mgAl, after autoclaving

2 p-dimethylaminobenzaldehyde 4 g, ethanal absolute 380 mi, concemrated HCI 80 md

* pioMdricux SA, Marcy d Eloile, F

*# MicroPlale, BIOLOG, Hayward CA., USA

* 4 % solulion of E-Alanin-d-niirileanilide hydrochlodide (Fluka 05215) in 50 mM Tris maleate {Fluka 93344), ad-
justed ta pH 7.0 with 5M NaOH

' Oxidase Fdentification Sticks (Qycid, BR 64)
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2.2.5 PHYSICO-CHEMICAL AND CHEMICAL ANALYSIS OF THE
COMPOST SAMPLES

In order to follow the progress of the compuosting process, several physical and chemical paramelers
were followed in the compost samples. Extemal laboratories performed some of the analyses,

Dry weight (DW): 100 g wet compost were pre-dried at 50°C for 24h, and doed at 70°C under
vacuum (125 mbar) for anather 24h.

pH: 30 g wel compost were suspended in 270 m] deionized water (= 1:9 waler exiract, basic sus-
pension for the microbiclogical analysis) and shaken 30 minules at |50 revolutions per mimnte, Af-
ter ahont 2 hours standing time, pH was measured with & pH-Meter (Digital lonanalyzer 501°%)

Organic matter (OM), ashes, total nitrogen (N gjegan), and Lotai carbon (C) determination were
carried ol accordingly to the directives of the Federal Research Institate for Agriculiural Chemistry
and Environmental Hygiene (FAC) {ANONYMOUS, 1595b).

The degree of degradation 7, indicating what percentage

of the initially present organic matter (OMo) was degraded o0y =_‘£,[1 _1oo- oM, ]‘100
after a time t of the composting process, was calculated OMy 100 - 0M,
accordingly to KROGMANN (1994), considering the amount

of ash as constant during the whole composting pracess.

Water extractable organic carbon (WEOC) was determined in the following way, according to
ZSOLNAY & GORLITZ (1994): S g air dried composl {a1 35°C, during 48h} was extracted in 100 mi
deionized water by shaking a1 room temperature for 1h, The resulting suspension was ftltered First
through a folded filter, then through a microfilter (0.45 pm). in this filiraie, the DOC {dissolved
organic carbon) was determined by catalytic combustion at 780°C (Shimadzu TOC 5000, and the
det%:lian of the resulting CO; by IR spectroscopy. The laboratory ORLAR corried out these analy-
ses.

*? Orion Research Inc, Cambridge, Mass, USA
* Drlab 54, Orbe, Swilzexland
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3. RESULTS AND DISCUSSION

3.1 LABORATORY EXPERIMENTS - PHYSIOLOGY OF AF

The laboratory experiments were designed to allow a closcr look at the influence of one isolated
factor - in this case the temperature - on the survival and proliferation of AF. As with any laboralory
system, it was not possibie 1o reproduce the condiions 1hat prevail in a compost heap: experiments
were camied out with AF grown on Malt Agar, or with sespensions of mycelinm in Malt Extract
Broth or spores in physiological salt solution. The different tests were done with strains isolated
from composis of different age (GRS: fresh biowaste, GR6: 2 weeks, GR?: 6 weeks; GRS: 10
weeks; GR2: 12 weeks (air during turning)), in order 10 determine if the time a strain had been ex-
posed 1o the compost environment had an influenee an its physiology, especially on is thermore-
sistance. However, there s no centainly that an AF strain isolated from a mature compast has been
in there since the beginning of the process. Infection with material from other heaps could have
happened in the course of the process, either by the turning machine, or via the air. The behavior of
the compost sfrains was also compared to thatl of a clinicul strain (G10). For more details, ses
Chapter 2.1,

3.1.1 GROWTH TEMPERATURE MAXIMA

The resubiz of the growth tests carried out in the Temperature Gradient Incubator (TGI) are pre-
senfed in Table 14.

First mycelial growith was absetved with the naked eye afier less than 24 hours of incubation, be-
tween 33.3 and 39.0°C and 44.6 and 48.3°C for all the strains tested. Differences between srrains
isolated from campaosts of dilferent ages were insignificant, and probably influenced by the moment
of 1he first observation. First spores were observed berween 1.2 and 1.7 days of incubation. The
maximum ternperature ar which first sporulation was recarded was generally the same as that of first
mycelial growth. Sporulation at the inferior end of the 1emperature range was slightly delayed. In the
course of incubation, mycelial growth up ta 50.2°C was quickly esiablished, while growth a1 the
lawer femperature happened more slawly. At the end of the observation period (11 days), minimum
temperaiures at which mycelial prowth was recorded was between 14.6 and 16.5°C, and the maxi-
mum temperature at 52.1°C. No sporulation occurred at the highest temperature which allowed my-
celial growth, except strain G7, which also sporulaied a1 52.1°C. The minimal 1empcraure al which
sporulation was observed, at least in the time span of the observalions, was 18.3°C, again with the
exception of sirain GR?, which also sporulaied at 16.5°C.

RE1ss (1985) indicated a minitum growth remperature for AF of 10-12°C, an optimutn of 37-43°C,
and a maximun af 52-55°C.
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Table 14:  Temperatre mnge of myca!a?af growih and sporulotion of four AF strains isclared from composis of differ
ent oge, as a funciion of ine inn time. Incubatien was carried out on agar stants, in o0 Temperature Gradient Incu-
baior (TG1). from 5.2°C to '59.6°C: temperature difference between two tubes (toral of 30 iubes) wer 1.88*C. For mare
details, see Chapier 2.1.1. Growih and sporulation were cantrolled I-4 times per day visally with the naked eve.

strain GRS {from fvesh material) GRE (from 2 week old compost)
bation mycelial growth sporulation mycelinl growth sporulati
time [days] | min. |°C] | max[°C} | min.[*C]) | max [*C] | min |°C] | mas |°C] | min 4°C] | max, [*C)
0.8 39.0 46.5 - - 39.0 44.8 - .
1.0 s 50.2 - - 315 4B.3 - -
1.7 27.7 5.2 37.9 48,5 24.0 48.3 35.2 46.5
1A 288 50.2 s 48.3 240 50.2 35.2 4B.5
2.4 258 50.2 315 48.3 24.0 50.2 35.2 48.3
2.5 221 50.2 295 48,3 24.0 £0.2 277 48.3
2.7 20,2 50.2 206 48.3 221 £0.2 277 48.3
2.8 20.2 50.2 20.8 48,3 229 50.2 27.7 48.3
34 20,2 &0,2 20.6 48.3 a1 50.2 27.7 48.3
35 20.2 &0.2 20.6 &0.2 202 | 5249 27.7 48.3
5.6 165 52.1 202 50.2 18.5 521 277 £0.2
10.6 16.5 52.1 183 50,2 16.5 52.1 18.3 50.2
sirain GR7 (from 6 week old compost) GRE (from 10 week old compost)
incubatl mycedial growth sporulntinn mycelial prowth sporuintion
tire [days] | min.|°C] | max|°C} | min.[°C] | max|*C] | min. |°C} | mex|°C] | min. [°C} | max. {°C]
0.9 433 48.5 - . . 35.2 48.3 . -
1.0 333 48.3 - - 333 48,3
1.1 286 50.2 - - 31.8 4R.3 - -
1.2 286 802 39.0 46,5 315 50.2 371 48.5
1.8 258 50.2 39.0 46.5 28.6 50.2 37.1 46.5
21 258 521 333 48.3 20.6 529 31.5 48.3
2.3 258 531 33.3 502 258 521 268.8 48.3
2.9 221 521 295 50.2 221 52.1 29.8 50.2
3.9 221 52.1 27.7 50.2 18.3 521 20.8 502
L] 221 52.1 258 502 18.3 52.1 20.6 50.2
6.8 2214 52.1 24.0 502 18.5 5219 25.8 50.2
1.8 221 521 221 50.2 18.5 52.1 24.0 50.2
83 146 521 18.3 532 18.6 521 18.3 50.2
89 148 52.1 18.3 52.1 16.5 52.1 18.3 50.2
10.0 148 £2.1 18.3 52.1 146 52.1 18.3 502
11.0 148 52.1 16.5 52.1 14,6 521 18.3 50.2




Results end Discussion : Lehoratory studies

3.1.2 FROM GERMINATION TO SPORULATION

The detection of the moment of the first mycelial growth and the appearance of the first spores (see
Chapter 3.1.1 above) was made with the nsked eye. However, al 2 microscopic level, (hese events
conld certzinly be observed earlier. To be able 1o follow germination, mycelial growth and sporula-
iion microscopically, AF spores were plzced on a glass slide covered with a thin agar layer. The
slides were incubated in a humid atmosphere to avoid desiceation, and observed regularly during
24 hours. Incubations were carried out at temperatures below (30°C) and above (50°C) as well as at
that of maximum growth (37-45°C). On the one hand, malt agar was used, as in other laboratory
experiments, on the other hand an aqueous compost extract solidified with agar (for details, see
Chapler 2.1_3), to more closely simulate conditions encountered in compost.

The microphotographs depicled in Figure 11 show the life cycle of Aspergitlus fumigatus, The cycle
started with the dry conidia (Figure 11-1), which had a diameter of 2-4 pm. Upon incubation on
agar, the spores started 1o swell (Figure 11-2), due to the absorplion of water, and a number of cy-
tological changes in the spore: division of the nucleus, increase in the quantity of endoplasmic re-
ticulum and number of ribosomes and mitochondria. At the same tlime, the metabolic rate increased
and the enzymatic system got activated. One germ (ube then slarted to form, visible at ihe moment
when it broke through the outer spore wall (Figure 11-3). Its growih continued by apical extension
{(Figure 11-4 and 11-5), and branching and multilateral hyphal growth out of one spore could be
observed (Fipure 11-6). At some points, where several spores were close together, the formation of
microcolonies (Fipure 11-6) was noticed. Generally, development was much advanced in those
colonies compared Lo single spores. Hyphal growth continued until the hyphae from single spores
started to touch each giher (Figure 11-7). After that moment, ficst aerial hyphae were observed in
the microcolonies (Figure 11-8). From this instant on, the mycelium was visible with the naked eye.
Growih out of the single spores continued, to form a dense two-dimensional network of hyphae
(Figure 11-9) that later became three-dimensional (Figure 11-10). The next stage was the formation
of the conidiophores, first only visible at the edge of a micracolony, by a vertical hyphae, the co-
nidiophore stipe, with a swollen end (Figure 11-11). From the vesicle, uniseriate philaides grew out
(Figure 11-12), From these conidiogenous cells, the conidia, e.g. extemal, asexual spores were
formed (Figure 11-13). Young conidial heads with chains containing only a few conidia appeared
spherical {(Figure 11-14), while mature ones showed the for AF typical columnar shape (Fig-
ure 11-15). At the end of the cycle, the mature conidia got dispatched from the conidial head (Fig-
ure 11-16).
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Table t5 shows the time that was needed to reach a certain stage of development under the chosen
experimential conditions, at the example of AF strain GR2.

Tabie I5.  Time [hours) needed for AF sirain GR2 to reach a centain stage of development. Incibation was carried
oit on different miedin (MEA = mall exirael ngar; CEA = compost extract agar (1:4 aqueous, clarified compost extract)
and at different 1emperatires in ¢ humid atmosphere (100% rf). Numbers indicating ¢ stage of development corre-
spond 1o the microphotagraphs shawn in Figure {1 na = no observations made.

agar lemp. stage of development
mediumn 1°C] I 2 3 4 5 [ 7 8
MEA 30 1] 4 g - 10 . H 12
CEA 3 ¢ 4 7 9 12 - 135 .
MEA v ¢ 3 7 8 - 9 10 11
CEA 7 ¢ 3 5 7 8 9 19
MEA 45 o . 3 5 7 9 10 11
CEA 45 ] 3 7 a . 8 12 18
MEA, 50 0 4 15 - 18.5 - 18 10.5
CEA S0 o 4 13.5 16.5 18,5 - 2156 nd
agar lemp. stage of develof L
medivm 1°C) 9 10 11 12 13 14 15 16
MA 30 135 15 18 18.5 215 24 - 68.5
CE 30 15 16.5 19.5 21.5 24 . 66,5
MA 37 12 13.5 . 15 165 18 18.5 24
CE 37 1 15 195 . - 21.5 - 6B.5
Ma 45 12 135 165 19.5 22 66.5
CE 45 21.5 24 - - - 66.5
MA 50 - 215 na ne na no no no
CE 50 na no na ne na no na na

It took 3-4 honrs for all media and temperatures tested uniil the spores were activated, visible by a
swelling (stage 2). For the appearance of the first germination tubes {stage 3), a difference was ab-
served between the MEA and the CEA. the latter favored the germination stadium, except at 45°C.
However, the further stages, e.g. hyphal growth (stages 4-10), were more rapidly attained on the
meare nutrient rich Malt Extract Agar. The spore formation (stages 11-16) seerned not to be much
influeaced by the environmental factors: once hyphal growth had attained a certain density, spore
formation was induced in any case. The minimum period of vegelative development required before
the arganism became compelent to produce reproductive bodies was very short in AF: at the optimal
growth temperatore, only approximately ten hours passed between the mament of the hyphal out-
growth and the formation of the first spores. Also, the devetopment of reproductive structures
seemed not, as in other fungi, be dependent on some limiting nutrient factors, as sporvlation hap-
pened as well as on the putrient rich MEA as on the notrient poor CEA.

As expected, permination was more rapid at the temperatures ideal for grawth of AF (37 and 45°C),
than at 30°C, and especially at 50°C, where the whole development was greatly delayzd. tt has (o be
mentioned that at this temperature, incubation could not be prolonged to mare that 21.3 hours, be-
cause the very fine agar Jayer on which the fungus was grown dried out, in spite of incubation in
100 % rH.
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The same experiment was carried out with the strains G10 and GR7. The course of development
was slightly enhanced on MEA in the reference strain G0, and slightly slower in GR?, indicaling
that some differences existed between the different sirains, However, spores were obtained with all
strains on all media and at all incubation temperatures {except al 50°C) within 24 hours,

In the view of the development of AF in compost, this implies that, under ideal conditions, the mold
can undergo one whole life cycle between daily carried out tumings. However, the results of the
experiment at the compost instailation of Grenchen {see Chapters 3.2.1.2A and B) showed that even
al the windrow surface, where temperatures where permissive for AF growth, only very low fungai
nombers were measured when regular tumings were carried out. This would mean that thermohy-
gienization towards AF of the ynaterial in the core was complete, and re-infection with AF from out-
side {air, twrning machine) was minimal. Also, fungal growth conditions at 1he surface of compost
particles might not have been as good as in the laboratory on agar medium, or that concurrence with
other fungi or bacteria or predation by microinvertebrates had inhibited the development of AF.
Studies in a composting system, e.g. by taking samples at short intervals (every 2 hours) aiter a
turning event, and observation of spore germinalion, could give information about the behavior of
AF i the field situation.

3.1.3 GROWTH RATE

A mold colony developing on a solid medium consists of hyphae that grow rsidially outward from
the point of inoculum, with the hyphae at the colony margio being approximately parallel to one
another, and al the same distance apart (TRINCT et ai., 1994),

The growth of strain GR7 on Malt Agar in a humid atmosphere (desiccator with water at the bet-
tom) at 45°C is depicted as an example (Figure 12). Growth started slowly, 1o becorne bogarithmic
from the: 2™ day until the 11™ day. Afier that moment, colony extension slowed down, most proba-
bly due to the exhaustion of available nutrients in the medium (TRINCE ¢f af., 1994). The curves had
a similar form for ail strains and al] temperatures (10-60°C) tesied, regression coefficients were al-
ways close to 1, and ihe experiments were highly reproducible,
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Figure 12: Diameter of an AF colowny (strain GR7) ar @
Juaction of time at 43°C, The fine siraight line is the re-
gression iine drawn from 1he part of the praph where
growth is linear. # = regression coefficient.

time fdays}

Figure 13: Rodial growth rate of mycelium of AF
{strain GR?) s o function of temperature.
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Figure 13 shows the radial growth rate, calculated from the part of the growth carves where myce-
lial exiension was linear, as a function of temperatlure. The example of strain GR7T is presented.
Temperature of maximat growth rate (37°C), and maximal growth rate (beiween 22 and 28 mm/day)
were almost identical for all the strains tested. The results corrobgrate those obtained by Nasst
(1994) wilh AF strains isolated from garden composts.

Compared with the thermophilic fungos thai is second most fiequently found in cornpost, Scytali.
divmn thermophilum, AF showed a lower temperature optimum for the maximum growth rale
(S. thermophilunt. 46-48°C), but a much higher growth rate (5. thermophilem: maximum
12 mm/day, (WIEGANT, 1992)). This covld explain the large predominance of AF in compost when
lemperalures are ideal for its growth. The successful colonization of compost by AF inight also be
due lo the differeat modes of reproduction of the iwo fungi: while AF produces a high number of
easily dispersible conidiospores (see Figure 3}, are the clamydospores of S. thermophilnm, produced
in lesser mimber, not readily aitbome (see Figure 27).

Temperatures 1hat supported maximum growth raie were slightly lower (37°C) compared 1o the
temperatures at which mycelial growih first appeared (between 33.3 and 39.0°C and 44.6 and
48.3°C, Table 14. The difference might be due to the much more exact incubation temperature con-
trol in the TGL

3.1.4 TEMPERATURE RESISTANCE OF AF

While growlh maxima and growth rate, as well as germination and sporulation play a role for the
colonizalion or the 1ecolonization of compost with AF, ils thermoresislance is of importance when
delermining the temperature-time combinaiion needed for its destruction. Acconding to REISS
(1986}, mycelinm gels inactivated in 5-10 minutes in moist heal (60°C), and asexva!l mold spotes
have a thermoresistance thal is 5-10°C above thai of ihe mycelium. However, several anthors
(Komary & Ciiasg, 1984; GEDEK, 1980; HAINES, 1995; see Chapler 1.8.1.2A) reported Ihat spores
of AF survived at higher temperaiures, wilthoul giving, though, detailed experimenial data, Own
experiments were thus carried out 1o determine the thermal inactivation as weli of the mycelium as
of the spores of AF.

3.1.4.1 MYCELIUM

Normally, thermal inactivation curves of microorganisms are obtained by enumeraling surviving
cells (cfu or MPN). This is noi possible with fungi, because they are modalar organisms, e.g. one
fungal individual can give rise to more than ore colony, Toe carry out deeay experiments with Scy-
talidium thermophilum, WEGANT (1992) monitored the TO; evolution at 45°C, as a function of
time after incubation a1 various femperalaces, We adapied this method to monitor the activity of AF
mycelium by following the oxygen conswmplion with a Clark iype electrode, after exposition lo
exactly mainiained temperatures in a circalating water bath during various lengihs of time {see
Chapiler 2.1.4.1).

Figurc 14 shows the oxygen consumption (nmeol Oy min-mgDW of myceliom), as a Lunction of
incubation time, al the example of sirain GR2 exposed 10 60°C. The oxygen consumplion was cal-
culated from the slope of the respiration curves, which were linear over the measuring time (2-10
minues).

a1
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lag oxygen consumption
{pmal O,Amin x GOW] Amin x g0W]

Q0 05 tD 145 20 25 30

lime [minutes)

Figure I4: Loss of activity. expressed o3 oxygen con-
sumption (respivation), in AF mycelium (strain GR2)
afier Tucubaiion of 60°C for different lengths of time.
Respiration was carried omt gt 37°C in Melt Extroct
Broth, % experimental points; — computed death rare
with poinis after expoition; -—-- possible course of the
ingclivation curve. r° = correlation coefficient.

Laboratory siudies

Loss ol aclivity was exponential (continuous
line), confirming the theocy that thermal inacti-
valion of microorganisms obeys a firs! order
model (SCHLEGEL, 1985). Thus, by plotiing the
logarithm of ihe oxygen consumption agsinst
the incubation time, a straight line was obfained
{Figure 14). The shoulder {dolted line) could be
due ihe small temperature decrease observed
after addition of the mycelium suspension to the
tube comtaining 243 of preheated suspension
mediom. The D-value, defined as the time re-
quired at a given temperafure to destroy 90 %
{1 log) of the fungal activity, was calculated as
ihe reciprocal value of 1he slope of the Imear
part of the inactivation curve. This means that
only the points obtained with the samples thal
were exposed to the lemperature were used.

The data poinrs and regression lines for the inactivation of AF mycelium (at the example of strain
GR2) a1 differcm temperatures {40-60°C) are shown in Figure 15. No inactivation was observed at
40°C. Wilh increasing exposure temperainres, inactivation was more and more rapidly afrained:
above 52°C, activily was ieduced to zero in less than hail an hour.
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Table 16:  D-valies (minutes for o reduction of aciiv-
ity by 0 %) of AF mycelium. The strains GRZ, GRS and

Laboratory studias

Table 16 shows the D-values, calculated from
the slopes of the inactivation curves, for the

GRS were isplated from compost, GI0 ix o medical

. different sirains tested. At 60°C, it ook only a
reference srain.

few mioutes to reduce the activity almost com-

incubation D value |min,) pletely. With increasing incubation tempera-
temp.°C] GR2 | GRS | GR8 | Gi0 tures, the D-value increased. At 52°C, a lem-
60 1.0 26 1.5 1.5 perature where growth was still possible (see
£% 17 a7 20 17 Figure 13}, aclivity was aevertheless reduced to
56 45 587 3.1 az 10 % after 12-26 minutes of exposure. This
54 07 | 108 | 87 7.7 could be a transitory response (o the tempera-
52 14.4 98 264 | 120 fure change from 37°C {incubaion (tmpera-
50 273 | 585 nd nd ture} to the test temperature. Cells cultivated at
40 #1110 ond nd nd the optimal growth temperature (37°C, sce Fig-

ure 13) possessed probably not the same set of
enzymes, especially thenmoresistant isoen-
zymes, membrane lipids or other stabilizing
molecules than strains cultivated near the upper growth limit. To prove 1his hypothesis, comparative
experiments with cells pre-grown at the (est iemperature should be carricd our. At 40°C, no reduc-
tion of the activily was observed.

All the strains tested showed the same pattern, although differences were observed for individual
resilts, without clear tendencies. However, the results show clearly that at elevated temperatures
(> 60°C), as often encountered in composl, AF mycelium would be inactivated almost immediately,
unless the compost matrix would have a protective influence.

3142 SPORES

Very litfle information is availuble about the thermoresistance of AF spores: REISS (1986) indicated
that normally ascxual mold spores had a thermoresistance that was 5-10°C above that of the myce-
lium. However, scveral authors (HAINES, 1995; KotHARY & CHASE, 1984; GEDEK, 1980) reported
that spores of AF survived for some time at temperatures as high as 80°C. The only experiments
carried out about the thermoresistance of AF spores in the coblext of compost were donc by
AMLINGER (1993), who found in laboratory experiments that all spores of AF were eliminated at
tcmperatures of 64-72°C in a few minutes.

To get more precise details about the thermoresistance of AF spores, experiments with 2 compost
(GR2, GRT} and 1 medical reference strain (G10) were carried oul. The spores 2108 sporesfml)
were suspended in phosphate-citrate buffer (pH 7.0), and exposed in a circulating water bath to ex-
actty maintained lemperatures {55°C 1o 75°C, in intervals of 5°C). In order 1o bring the sample 1o
the designated temperature, it was pre-heated for 2 minutes {temperature raising period, initial spare
concentration after the pre-heating period = Ni), after which the temperature holding petiod fol-
lowed. Afler exposition, the viable spore count was carried oul. {For details, see Chapter 2.1.4.2).

Figure 16 presents examples of thermel inactivation curves (ratio NN, of the spore number after
N minutes of exposure over spore numbers after the pre-heating period N», on a logarithmic scale,
versis the time of exposure). Al intermcdiate test lemperatures (60°C) the curves showed the farm
depictcd in Figure 16: a shoulder {time iag or lag phase) at the beginning of the healing, an acceler-
ated decline (log phase), and a tail.
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Figure 16; Tharmal inactivation curve at 35°C, 60°C and 65°C of spores of AF sirein GR2. The data are ceanited
Jrom 3 differant experiments. left. first minutesthours of ihe expesiment, right: whale length af the experiment
{24 howrs).

The lag time varied as a function of temperature (several hours for curves obtained at 55°C, absen
for 65°C). Tails of the inactivation curves were observed at 60°C and 85°C incubation; al 55°C, no
tail phase was reached in the 24 hours the exposure experiment lasted. At 70°C and 75°C, concen-
trations were below the deteclion limil (9 MPN) already after the pre-healing (2 min).

Test temperatures had no big influenced on Ihe proportion of surviving spores: [his was always be-
tween 107 and 10", Data at 65°C were inconclusive] sometimes, a surviving population was ob-
served al the cnd of Ihe experiment, somelimes not.

84



Resulls and Discussion Laboratory studias

Table 17:  D-unlues {time in minutes for the reduciion Estimated D-values (calculaled by linear re-
of spore aumbers by 0%} for the lag and ke 1ail phase . f the li . £ . .

. i . N gression el the hinear portions o the inactiva-
of the different strains tesied, as a function of exposure tion curve) for the log as well as for the tail

4 tare, nd = not detected.
crperatTe i phase are shown in Table §7. The three strains

strain temp. log tall tested showed similar results. At 55°C, the D-
55°C 887 nd value of the log phase amounted o several
GR2 60°C 1 703 hours, at 60°C to 2 dozen of minutes, and at
65°C 0.6 124 65°C 1 less than one minnte.
55°C 539 nd When comparing ihe D-values ar 60°C of the
GR? 60°C 89 a34 mycelivm (Table 16) with those of the spores
65°C 08 142 during the log phase (Table 17), one cbserves
35°C 40 nd an aboat 10 fold higher resistance of the Iatter.
G10 60°C 31 430 The D-values of the teil phase were always
65°C 08 313 significanily higher ihan those of ihe log phase.

While almost no inactivation was observed at
60°C, did the exposure to 65°C lead to D-
values of approximately 2 hours.

It was nften stated that \he thermal inactivation of microorganisms obeys a first-order model. How-
ever, observation of sigmoid survival curves were frequently made. According to Funkawa & 1Ton
{1996}, railing in the survivel curves of fungal spores is often very pronounced.

The same auvthors carried out experiments with A. niger spores. On the basis of the very tailed ther-
mal inaclivaticn curves cbserved, they postulated that thermololerant cells were generated during
the heating. In fact, their experimental data fisted closely a thermotolerant subpopulation model:

N = number of cfu/ml a1 1imat
Ny = number of cluw/'ml 81 tima 0

N/N, = pt 4l _p}-u,:._., ) p = proponion of thermotolerant celis of the totat population
ky = dezih rate coelficlent for tha tharmotolaran! subpopulation
k; = death rate coeflicient (or the normally sensitiva cells
= tima lag {shouidsr)

The proportion of surviving cells was more or less constant, between 2610 and 2.810°* for the
different temperatures tested, and could be calculated by In p = 0.0001037° - 0.01187 + 0.337.
k) was 0, c.p. the tail was horizontal: k; increased when increasing the exposition temperature. The
lag time {14} was longer at lower temperatures. Spores cultured from the surviving population
showed no increased thermotolerance compared 1o (he original population. Reheating of the sur-
viving spores, afier a holding period of a minimum of 3 h al room temperature, did gave the same
thermiad inactivation curves as those of the original populstion. However, as sporc nunibers were
reduccd by 3-4 onder of magnitudes at each heating, repeated heating periods {in the experimental
sel-up: 30 minules at 3 h intervals) lead to & complete inactivation of the spores,

No explanation was given about the possible mechanisms of thermsinlerance acqoisition. Ofien, the
production of hcat shock proteins is evoked (MADIGAN er af., 1997). Agglomeration of spores dar-
ing the heating was not observed,

We did no1 cary out the cxperimenis described above with our AF strains. However, the clase re-
semblance of the thermal inactivation curves let suppose that AF spores would behave similar to
A, niger spores. Comparison of the D-values of the lop phase showed higher values for AF {approx.
10 minutes ar 60°C, compared to approx. 1 minuie for A. niger). This can be explained by the gen-
erally higher thermotolerance of AF (growth maximem a1 52-55°C) compared to A, niger (45-47°C)
(REISS, 1986).
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The thermosubpopnlation model (Fulikawa & [ToH, 1958) does take into acconnt that thermal in-
activation curves of fungal spores have a lag time (l5). However, it can not describe the exact form
of the shoulder. KING ef al. (1979) calenlated nonlogarithmic death curves for Byssechiamys firva
and other microorganisms. The formula (log Mo-log M* = k+C lineanrized the data, the death rate &
being the slope of the curve, The value a could be computed from the slope of the curve resulting by
plotling log (log My-log &) against log 7. Calculated data closely fitied experimental data, as well as
recaleulations of non-logarithmic death curves from the Inerature,

Thus, to accurately describe ihe thermal'inactivation carves of AF, the madels of Funkawa & 1Tol
(1996) and KNG et al. {1979) have to be combined. Of course, experimnenial data should be carried
out 1o confinm the validity of such a new moedel.

Considering the effectiveness of intermitient heating for a compleie inactivation of fungal spores
thar show a tailed inactivation curve, the concept of furthering thermohygienization by frequent
compost Wening, thereby bringing material repeatedly to the hot center of the heaps, makes sense.
Also, observations made during the experiments indicated that tailing of the inactivation curves
were only obtained if the exposition temptrature was constant, but not when temperatures fluctu-
ated, e.g. when experiments were carried oul in an incubator instead of in 2 water bath. This would
mean that AF spores in frequently tamed composts, where lemperatures are never constant, would
be much faster inactivated that those in a static pile, where a portion of the spores weuld survive for
a long time, even at higher temperatures. Detailed laboratory experiments would be necessary to
verify these observations.

Another point that has to be mentioned is that inactivation experimenis were carried out in a liquid
medium. The compost matrix might have a protective effect. Trials to repeat the experiments by
ingculating spores in sterile compast failed due to the impossibility ta get a controlled and uniform
heating of the compost.
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3.2 FIELD STUDIES - DESCRIPTION OF INSTALLATIONS,
EXPERIMENTS CARRIED OUT

Table 18 offers a summary of the most importani data of the installations. More details are pre-
sented when discussing each site.

Toble 18:  Main characieristics of the composting installations studied

me | cratn | e | S’ | i | ot | et
{HxWixL) i
windrow na daily riangular 6 weeks 81000 ¢
(Sufweek) |12x35x60m
box bac weekly 25x4x15m 4-6 weeks (35001
box 0o patt of the 4%x5%x9m |combincd 6 wecks 12000 ( composting
box, in closed halt | e fermentalion of kitchen 5000 t fermentation
2-3xfweck waste
* composling of garden
wiste
dail 12x2x66m |closed hall, treatment of
trench yes (Sxfwtik) exhaust air ina biofiiter | ¢ WOOKS ] 120001
bioresctor yes weekly 33x27x2m f;ﬁ&:n&:ﬁﬁ:::—x 7-8 weeks | 141/ experimenl
compasting system
on-line measurements of
ternperatore and 0y

3.2.1 WINDROW COMPOSTING

The main part of the work was carried oul at 1he installation of Grenchen, for one thing because the
open-air windrow technology is slill the most vsed system in Switzerland, bul also because the short
distance to cur laboratory allowed a close follow-up of the process. In total, three experiments were
conducted in the years 1994, 1995, and 1996, respectively, each consisting of & follow of one or se-
veral windrows aver the whole span of ihe composting process. Each experiment lasted at least
6 weeks.

3.2.1.1 OESCRIPTION OF THE INSTALLATION

The compasting is done in open-air windrows (3.2 m large x 1-1.2 m high x 40 m long). The wind-
rows are placed on an asphalted surface: the run-off water is coliecled and treated in the nearby
wasie water \realmeni plant. At the beginning of 1he process, the windraws are tumed daily (every
work day, fram Monday 10 Friday), after 4-6 weeks, the frequency is reduced to 2-3 tumings/week.
Tumings are carned om with a rotative tuming machine {type "Sandberger™). If nccessary, water
{drinking water quality) is added doring 1he wuming; windrows in an advanced stage of maluriiy are
covered with a tarpaulin.
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3.2.1.2 EXPERIMENTS CARRIED OUT

3.2.1.2A GRA1

The first experiment camied oul at Grenchen consisled in a follow-up of one compast windrow
treated in the vsual manner of the installation = intensive

Duration of the experiment: June to middlc of July 1993, over a periad of 45 days (= 6,5 weeks).

Staring matecial: 50 % sepaialely collected kitchen and garden waste (mainiy lawn cuttings)
30 % leaves and Iwigs
10 % wouod chips
10 % reject from the screening

Tumings: every wark day (Monday to Friday), except on day 2, 35 and 36.
Watering: on day 31, 37, 38, 41 and 42,

Physica-chemical measurements in the composi windrow:
* - 20 cm lateral, at 50 cm height and an angle of 30° = surface

+ - 60 cm, lateral, al 50 cm height and an angle of 30° = center

Parameters measored: lemperature, Oz, CO; (measvred with Didiger tubes), CHs, HaS, Ha, NH;
For detailed methods, see Chapters 2.2.1.1 and 2.2.1.2.

Mecasurements were carried out at three peints
alang the length of the windrow: in the middle,
and 3 m from each end (Figore 19). Results are
given as the arithmelic mean, with the standard
deviation {10}.

Figure I19: Scheme af ke g and pling

poinis flengitudingl section). Sampling: at (he measuring poinls, samples

were taken as described in Chapter 2.2.3,
The samples were prepared for microbiclogical and physwo -chemical measurements as described in
Chapters 2.2.4 and 2.2.5.

Microbiological analyses: AF, thermotolerant molds and yeasis, thermophilic bacteria. For detailed
methads, see Chapter 2.2.4.

Ehysico-chemical analyses: pH, dry weight. For detailed methads, see Chapter 2.2.5.

3.21.2B GRA2

The second ¢xperiment carried out a1 Grenchen consisted in a follow-up of two composl windrows,
each 25 m long, one treated in the vsual manper of the installation (daily tumings (3 x /week) =
intensive), and ooe turned | 1/ week { = moderaie intensive).

Duration of the experiment: ead of October through middle of December 1994, aver a period of
55 days (= 8 weels)

Starting mategjal: 70 % leaves and twigs

20 % separately callected kitchen and garden waste
L0 % reject fram the screening

Turnings of the imensively ireated windrow: week 1-7; daily, except an day 7 and 28
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week 8. Monday, Wednesday, Friday
Physico-chemical measureinenis in the compost windrow: every 10 ¢m, as shown in Figure 20:

Py on-line famperae
measurement points

emng-srd oiniRe. e

Jamping-end amp a grolife 1: tom e Top
Yaturé miastiramary poils.

» prolile 2: lateral, S0 e from lhe
ground, at an angle ol 30°
» prglite 30 2l lhe base, horzantally,
20 ¢ fram dhe ground

profile 1

profila 2

Floure 20: Schematic depiction of tempermure and gar measurement profifes, sampling poinis and on-line rempera-
ture measurssent poinis (crasy-sectiongl view).

Patamcters measured: temperatare, O, COq (with the Muliiwarn), CC, CHg, H25, NHa.
The measurements were made in the middle along the length of cach compost windrow, Measuring
devices were as described in Chapter 2.2.1.1 and 2.2.1.2,

On-fing temperaturg measurements: contintously with the Squirrel Data Logget, registration of val-
ues every hour, at the locations shown in Fig. 20: e - 20 cm from the 10p

+ - 20cm lateral

« - b60cm lateral

& - 2)cm at the base
Measuring devices were as described in Chapler 2.2.1.1.

Bioaerosol qmeasurements: 1 x { week, Aspergiffus fumigatus and lhermotolerant molds; 5 m behind
the turning machine, in the direction of the wind, with the SAS Standard. For detailed methods, see
Chapier 2.2.2.

Sampling frequengy: : week 1 and 2: daily {every work day = 5 x / week)

week 3 and 4. 3 x / week
week Sto 7: 2 x f week
week §; b x fweek

At the points shown in Fignre 20, compost samples were taken as described in Chapter 2.2.3.

iolop) nalyseg: Aspergilius fumigarus, thermowolerani molds and yeasts, Gram-negartive
bacteria (on MacConkey Agar), thermophilic and mesophific heterotrophic bacteria, For detailed
methods, see Chapler 2.2.4.

Physico-chemical analyses: pH, dry weight, organic matter*, ash content®, C/N ratio*®, Water Ex-
tractable Organic Carbon {(WEOQOC)*. * = analyses carfied owt by ORLAB. For detailed methods, see
Chapter 2.2.5.
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3.21.2C GRA3

The third experiment carried out at Grenchen consisted in a follow-up of three compost windrows,
each 16.5 m long, one treated in the usual manner of the insvallarion (daily twrings = Sx/week =
intensive), one turned once a week (= moderate intensive), and one once 2 month (= extensive).

Duration of the expertrment: from beginning of September through middie of December 1995, over a
period of 104 days (= 15 weeks). The windrow that was oaly lumed once a manth was left in place
until middle of February 1996 (in total 167 days (= 24 weeks} of composting).

Starting material: 50 % separateiy collected kitchen and garden wasle
40 % leaves and twips
10 % reject from the screening

Tumings of the intensively treated windrow:

week | 10 6: every work day {(Monday te Friday), except on day 8 and 9
week Tio % 3« f week, except on day 50 and 57

week 1010 13: 2 x fweek

week 14 and 15: 1%/ week

Phystco-chemical measurements: the same as in GRAZ, every 10 cm up to 40 ¢, then every 20 cm,
{see Figure 20}, Parameters measured: temperature, Qa, CO; (with the Multiwam apparatus), CO,
{CHy, HaS, NHa.

The measuremems were made in the middle aiong the length of each compost windrow. Measuring
devices were as deseribed in Chapter 2.2, 1.5, and 2.2.1.2,

The temperature was measured on-line in the same way as in experiment GRA2. For the monthiy
turned windrow, temperatures were only monitored at - 20 cm and - 60 cm fateral.

Bioagrosol measurements were carried owt i x / week, for the detection of Aspergiflus fumigatus
and thermololerant melds and yeasts.

» in 2 m distance behind the turning machine, with the SAS Super 30

» in 10 m distance 1o the wming maching, in the direction of the wind, with the SAS S1andard

Sampling: the sampling poinis Were the same as for experiment GRA 2 (see Fipure 20). Samplings
were carried out as described in Chapter 2.2.3.

Sampling frequency: week 1: daily (every work day = 5 % fweek)
week 2and 3: 4 x/ week
week 4 and 5: 3 x S week
weekdand 7: 2 x/ week
week Bte 15; 1 x/fweek
week 16 o 24: 1 x / month

Microbiological anaivses: Aspergéllus fumigatus; total \hermotolerant motds and yeasts; coliforms
{on VRB-Agar); Eseherichia coli; theemophilic and mesophilic bacteria. For detailed methods, see
Chapter 2.2.4,

Physico-chemical analyses: pH, dry weight, organic matter*, ash conient*, C/N ratio*. water ex-
tractable organic carben (WEQOC)*, % reject after screening at 30 mm. * = analyses earried out by
ORLAB. For detailed methods, sce Chapter 2.2.5.
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3.2.1.3 RESULTS AND DISCUSSION

3.2.1.3A GRA1

The firsl experiment aimed al following physico-chemical and microbiological paramcters of one
windrow throughout the whole composting process, tn order to monilor their evolution withow
variations due o different staning materials.

Physico-chemical measurements

The physico-chemical results obtained from this first experiment will be discussed in detail, becansc
ihey show the lypical cvolution of a well conirolled composling process.

TEMPERATURE

The temperature evolution depicted in Figure 21 is very typical for a naturally zerated windrow, and
corresponds to the many curves shown in lilerature (MICHEL ef al,, 1996, FERNANDES ef ol, [094;
KROGMANN, 1994; SHUvAL et al, 1991; BIDDLESTONE & GRAY, 1987. GRAY & BIDDLESTONE,
19712}, At the beginning the temperature rose faster sl the surface, because there the good oxygena-
tion through diffusion of air from the surface allowed a good activity of aerobic microorganisms.
The same was observed by FERNANDES ¢f al. (1994), wha made extensive {emperature measure-
ments in passively aerated siatic compost piles, and by MILLER ef al. (1989), who examined phase 1
mushroom composting stacks.
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Figure 21. Temperatire evolution in an open-air compast windraw. The error bars 'repmem the standard deviaiian
(£1 @) af measurements at three poinis aiong the length of the windrow,

Aftcr only three days, the maximum was teached (72°C), and temperatures then starded io fall be-
cause of heat loss to 1he environment, and stayed for the rest of the experiment, except for a short
period of cold northern winds in ihe second week, between 50 and 60°C. In [he center, lemperatures
conlinued to ascend vntil the 16sh day of composting, to reach a maximum of 79°C. Despite the
high nutrient content of the starting malerial (a large percentage of grass clippings and herhaceous
parden waste), temperatures fell from the third week on, to be stable around 60°C for the rest of 1he
experiment.
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The constant temperatnres aropnd 60°C, and the high concentrations of HiS and CH; measured in
the center {see Figure 23), are both indicators of anoxic conditions reigning from the 4" week on,
promoting the giowih of thermophilic anacrobes with a temperature optimam between 33°C and
60°C.

The standard deviation of the measurements executed at three points along the length of the wind-
row never exceeded 5°C, demonsirating the peod homogeneity of the material, and justilying for the
following experimenis a sole paint of measurtng and sampling. However, the measurements 1aken
al the two points along the windiow cross-seclion (surface = depth of 20 cm; center = depth of
60 crm) showed important temperature differences. Between the hot center and the cooler surface,
temperatures differed under special ciscumstances (conling of the outer parts of the windrow by low
ambient iemperatuces) by more than 40°C. Although the building up of & temperature gradient in a
compost windrow is often mentioned, or even demonstrated, in literature (FERNANDES ef al,, 1994,
STENTIFORD, 1993; INBAR ef al., 1990, FRICKE, 1988; STENTIFORD er af, 985 MACGREGOR eai af,
1981), the effect of it on variations of mierobial activity, thermohygienization or final compost
quality was never properly investigated.

To get a better idea abont the temperatare distriburion a opien-air compost windrows, exlensive tem-
peratore measurements along three profiles were carried out during the following experiments {see
Chapter GRA2 and GRA3). .

GaAsES

The pas measurements shown in Fignre 22 demonstrate the stoichiometric relatonship between
oxygen conspmptien and carbon diexide production.
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Figure 22: Gxyeen and carbon diaxids evolution in an open-air compest windrow. The ervor bars represent the slan-
dard deviationf 2] o) of measurements at hree points along the length of the windrow.

0 end CO; valves summed up Lo about 21 %, excep for the first days of composting, when CO,
concentritions of more than 28 % indicated an additional CO, production by anaerobic processes
taking place in the ceater of the heap (HELM, 1995). Big diffetences were seen between the well
oxygenated compost surface and the less well aerated inner parts of the windrow. Very low intersti-
tial axygen concentrations, however, are not forcibly a sign of anaerobiosis. In fact, the instantane-
ous level of oxygen is the expression of a dynamic equilibrinm batween microbial axygen upake
and its replenishment by acration. High rates of both aptake and replenishment, or low rates of both
these factos can resalt in similar oxygen levels (MACGREGOR ef al, 1981).
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Oxygen uptake and replenishment are coupled: high microbial activity, which equates to a high
oxygen uplake, brings about a strong heating of the compost, which dtives natural ventilation
through the "chimney-effect”, The presence of CO; over 21 vol. %, of CH, and of CO are mach
better indicators of anacrobic metabolisms, Scveral explanations can be found for the slight oxygen
peak around the second week of compesting: it might be due to the strong winds that caused a
cooling of the surface {see Figare 21}, or to the very high iemperatures (> 70°C) measured ar that
momenl, keading either 1o a redaction of the microbial activily or improving the natural aeraiion by
a more pronounced “chimney-effect”. Many authors have demonstrated that composting activity
rates decrease at femperatures above 60°C (vON RHEINBRABEN, 19973 MCKINLEY & VESTAL, 1984;
FINSTEIM ef al., 1983; MACGREGOR ef al., 1981). When temperatures dropped below 70°C (see Fig-
ure 213 afier the third week, microbial aciiviiy resumed, as shown by the increasing CO; and de-
creasing O concentrations.

Hydrogen sulfide (Figare 23), either stemming from the aerobic degradation of protetns, or from the
reduction of sulfaie under anoxic condilions, was only deteciable in the center of the windrow, as
also observed by MILLER ef al. (1991) when examining stack 1 mashroom compost. After a small
peak in the first week, HpS was measured in higher concentrations (up ta 125 ppmy) at the hegianing
of the second week. This corresponds to the order of degradation of the organic subsirate preseqt in
compost: proteins are only metaholized after the free sogars have been consumed (VON
RuUEmBABEN, |995). Degradation experiments by De BERTOLDS et al. {1988}, carvied owt in o biore-
actor, showed aa important HyS peak after the firsi week of compasting,

A second big increase in HaS was abserved after the peak \emperatares. It seems that the microflora
preseat at temperainres abave 70°C did not posses any protein degrading activity any more. This did
resume as soon as the iemperatares fell below 70°C., Towards the end of the experimen, the hydro-
gen sulfide stemmed most probably from anacrobic processes, as merhane, which is only produced
in the absence of oxygen, was alse detected.
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Figure 23 Hydrogen sulfide and methane evolution in et egen-air compost windraw, in finction af the sampling
depih. The error bars represent the siandard deviation (Z 10} of mensuremenls ar three paims along ihe lengih of the
windrow.

The presence of H;S in concentrations of 40-60 ppm, op to the 40th day of composting, was meas-
ured in a compost windmw composed of only kitchen waste (HELM, 1995), indicating that material
with a high content of organic matter and little structare mateiial can emit hydrogen sulfide gas for a
long iime.
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Methane (Figure 23) was, not surpoisingly, only measured in the center of the heap. Although com-
posiing should, by definition, be an acrobic process, oxygen demand during the first intensive phase
of composting is 50 important that enacrobic zones are almost inevitable if no forced seration occurs
{FINSTEIN er al., 1986b).

Metabolites of fermentative processes were also observed at the end of the process. The decrease of
the free air space, duc to the size reduction of the compost particles, together with an increased mi-
crobial activity after Ihe heat peak phase (see Figure 21) might be the cause for anoxic regions in the
core of the heap.

The otder of the appearance of the gases (first hydrogen sulfide, and then methane) can be explained
by o sequenticl substrale utilization, as a function of redox petential, as shown in Figurs 24,
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Figure 24; Carbon flew and the succession of bucterial furciions in an gerobic/onaerobic eavironment (from ARAGNG
& ULEHLOVA,, 1555).

85



Reasults and Discussion Fisid studies — Windrow somposiing

WATER CONTENT AND FH

The decrease of the water content in the compost (Figure 25A) was almost linear up to the 4th week
of composting. In the first week, more water was evaporated at the surface, where at thai moment
temperaares were higher. The further reduction of the water contens at the surface was mosi cer-
tzinly duc 1o drying by wind. From the é¢th week on, water contents were very low, almost ai the
limit for satisfactory microbial activity (sce Chapter 1.6.4}.
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Figure 25, Evoiulion of water conlenl (A} und pH (B} in compos: produced in open-air windrows.

The pH curves (Figure 25B) show the classical evolution of parden and kitchen waste composts
described by many auihors (ANONYMOUS, 1993, see also Chapler 1.5 4): after an nitial slight de-
crease below pH 7, they increased steadily to reach a final pH value around 9. The increase was de-
layed in the center, a sign of suboptimal composting conditions. The high 1emperatores measured
inside the windrow most probably inhibited protein degradation, and therefore ammonium forma-
tion. Taking inte account thal the windrow was turned daily, and thus the whole material mixed
each day, the differences in pH at the center and at the surface indicate that a stratification, due to
varying microbial activity, can built op in less than 24 h.

Microbiological analyses

Funagt

Coneentrations of Aspergiifies fumigatis (AF} and thermotolerant molds and yeasts (Figure 26) in
fresh biowaste weie quite high: more thun 10% colony forming units (cfu} were counted per gram
compos (dry weight).

These numbers were quickly reduced during the first week of composting, to slay at or below the
detection limit of 10 cfu/g (fresh weight) for AF, and 1-2 arders of magnitude more for thermotales-
ant molds. Ar 1he end of the experiment, a slight recolonization was observed. The quile parallel
conrse of the curves from the surface and the center indicate thal (he short interval belween wrnings
did not allow an imponam regrowth of AF at the surface, where temperatres wonld have been
permissive for its growth. These data confirm ap carlier experiment by aor research group at the
same composting insiallation, where we found between |.4-102 and 2.3-10° cfu/gDW AF after
1 day, <20 after 3 weeks, and between 2:10' and 3.10% in the sereened compost afier G weeks of
composting (BEFFa er al,, 1994). Yeasts were only detected during (he first week of composting
process (separate dala not shown).
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The same obsecvations were made by CHANG & HUDSON (1967), who found maximum nombers of
Humicola insolens ducing the "plateau” peried of the composting process, thar means the phase
where temperatures stayed constant at about 60°C after the peak heating. Towards the =nd of the
compasting peocess, matked by temperatares near ambient, the numbers of this species got slightly
reduced, while a strong recolonization by AF was observed, as fonnd in our own experiments,
MILLNER el al. (1977) reported, in an exlensive research about the ¢olonization of sewspe shudge
and woodchips compost by fungi, a high percemage of AF in the 3-week forced-aerated composting
phese, while H. grisea var, thermoidea was the most abuadant fungus during the 4 weeks of curing,
and Torula thermophila and H. grisea var. thermoidea during storing. W seems that the slightly
hiighee thermoresistance of Scytalidivm thermophilum (maximuam cadial geowth raie at 45°C, no loss
of activity of the mycelinm a1 53.5°C; WIEGANT, 1552) compared to 37°C and < 50°C for AF (s¢e
Chapter 3.1.4.1) gives it an advaniage for colonizatien as long as lemperatures are high. But as soon
as they become propiticus for AF again, it is the latier who seems (o be better adapted to life in
compost, might by a higher cellulolytic and xylanclytic activity.

Threz out of 19 mushroom wockers diagnosed with EEA showed positive serum reactions against
. thermophilum (VAN DEN BOGART et al., 1993), indicating thal this mold has a week allergenic
potential.

EMERSON (1968) also placed Thermomyces lanuginosus (= Humicola lanuginosa) in the so-called
Humicole-Torula complex, bul STRAATSMA & SAMEON (£993) stated that this species can be easily
distinguishced from 5. thermophilum by a slow growth and a reddish brawn color of the colonies. As
this species occurs eacly in the fungal succession during the composting process (STRAATSMA &
SamsoN, 1993), no confusion of the two species shonld be possible. Nevertheless, CHANG &
Hupson (1967) reported that they found only AF and Thermomyces lanuginosus in the latec stages
of composting of wheat steaw.,

GOTRICH (1996) isclated Talaromyces thermophilus (anamorph of Penicititum dupontify in bigh
concentrations {up (o 8-107 cfu/m?) in the air clase 10 a 14 week old compost, as well as in concen-
uations of 4-10* cfu/m® during the screening of mature compost. Tt might not be astonishing that
Scyralidium thermophilim was only isolated in low numbers from the air. The quite big and heavy
clamydospores rest attached to the mycelinm, and get not easily dispersed, althongh we frequently
detected this mold during the handling of compost in or after the peak heat phase. It is surprising,
however, that we never isolated Talaromyces thermophilus from mature composts. Due 1o the shon
incubation time (normally 48 h, never more then 72 h) used in our experiments, this slow Browing
specics (EMERSON, 1968) might have been overlooked.

BACTERIA

Concentration of thermophilic bacteria (growth at 60°C) (Figure 28) was already high
{10° MPN/gDW) in the starting material, and staycd at about this level during the whele experi-
men, at the sucface as well as in the centee. No comelation could be found between the iemperagure
measured at the sampling point, and the concenteation of thermophiles. Slighdy higher thermophile
numbers were observed at the surface than in the center, where temperatures were almost too high
to support the geaowth of Bacilli, the main population emumerated by incobalion at 60°C (BLANC et
al., 1997). Comparison with data from the literature is difficult, becanse the term “thermophilic” is
defined diffecently by cach acthor. Also, the method of sample treatment and preparation of he
compost suspension plays an impoeriant role. By more rigoroas metheds {(ultrasonic treatment, the
use of pyrophosphate buffer) as the ones employed in oor laboratory (suspension in water, shaking
at 250 rpro for 30 minutes) more bacteria get delached from the compost particles {J. WIEGEL, Uni-
versity of Georpia, Atlanta, personal communication).
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—

By incubation at 55°C, MiCHEL er al. (1995)
found 510° thermophiles in fresh material
(which had been dried and rewetted for the ex-
perirnent, though). Concentrations rose ta 2 ma-
ximum of 2-18"" MPN/gD'W during the thermo-
philic phase, and then dropped ta 2-10'° towards
the end of the campasting process. LIBMOND &
—e— surfaca (lateral at 20 cm) |1 SAVOIE -(1993) reparted maximum concentra-
—0— canter (lateval a1 50 om) || tions of 4-10'" thermophiles (cfw/gFW) during
the peak composting phase, and 3-10° cfu al the
end of the process, by incubation at 45°C,
ANDREWS ef al. {1994) showed the presence of
time [weeks] 10% thermaphiles during the hot phase of com-
Figure 28: Evolution of thermophilic bacteria during posn?ng in a tumbler, al‘Ed between 1.10° and
the composting tn an epen air windrow: 310° during the maturation phase. The detec-
tion of the thermophilic flora was made, thongh,
after a passapge at BO°C for 15 minutes prior ta
plating, and incubation at 55°C, and reponts thus mast mare likely the number of spore-forming
thermaphiles. Our findings and these by the authers mentioned above are in contrast to deta given
by D& BERTOLD1 & ZuUcrcoNI {1987), wha showed a decrease to almost O of thermophiles after the
peak (emperatures. The persistence of thermaphiles is not astonishing: most of them are spore-
formers of the genus Bacillus (BLANC et al., 1997, BEFFA et al, 1996b); their spores can thus be
detected thronghout the whole composting process. Also, most of them have a wide span of growth
temperature.
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3.2.1.3B GRA 2and 3

The results from the experimenis GRA?2 and GRA3Z will be discnssed togeiher, because they were
designed in the same way, and differed only in the composition of the starting material, They are the
subject of a publication in "Waste Management and Research” (LOTT FISCHER ef al., 1998). Resulis
from experiment GRA2 were presented at the intemational symposium “The Science of Compost-
ing" as a poster: "Composting of organic garden and kitchen waste in open-air windrows: inftuence
of the tuining frequency on the development of Aspergilius fumigatus” (LOYT FISCHER et al., 1996).

Physico-chemical measurements

TEMPERATURE

Figures 20 and 30 show the temperature curves registered on-line. Missing data are due 1o data-
logger failure. Ambient temperatures represent values measured during measuring and sampling,
between 8.30 and 9:30 am,

Peak temperatures reached in all experimental windrows were the same {around 75°C), but ihe time
ta get to this temperature, and the duration of the thermogenic phase (temperature > 60°C) differed
considerably, in function of the starting material, and the turning frequency.

In the compost consisting mainly of garden waste (Experiment GRA2), surface temperatures (Fig-
ure 29A) rose very rapidiy in the first few days of the composting process to temperatures between
70-75°C, and stayed, during the following 3 weeks, for most of the time abave 60°C, to decline
thereafter. The peak was reached a little bit fater in the weekly turned windrow than in the daily
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turned one, but temperatures in the former could be maintained at a higher level (> 50°C) during the
cooling phase. In general, surface temperatures were, excepl for the first few days, always below
those measured jn the center. Depending on the ambient air temperature, but also on wind and rain-
fall, differences between the cenier and the surface could be as high as 30°C. The more the com-
posting process progressed, the smaller these differences got,

The effects of the two different tuming frequencies become more obvious if ane locks at the core
temperatures (Figure 29B). In the daily wied windrow, the heat peak was already wached in the
second week of composting, but this was only the case in the forth week for the windrow 1hat was
tumned once a week. Tt seems thal (he frequent (urnings helped in redistributing 1he nutrients, and in
making the substrate, which comained quite a high percentage of wood, belter available for ihe de-
grading microflora, by mechanically breaking the wood pieces apan. A factor for the quile fast tem-
perature reduction in the daily tumed windrow might also be the low ambient temperatures that pro-
voked a strong cooling during the turnings. HAY & KUCHENRITHER (1990), citing IacopoN! (1983)
advised against too fiequent 1wrnings in (he maturation phase, in order not to cause a decline in tem-
perature,

surface {lateral at 20 crn)

e
E 50 4
g 0] [[— dallytemings
2 g0 | - weekytumings
g — — ambien! alr
20
10 4 '_“'_’\_’h“_j\———".\v/“‘h‘w___—
a v r r v r T Y
cenfer (lateral at 60 em)

temparature [°C)

10-——"‘/‘-.J\____,.-\/““-.____,___-

0 T T L) T L L] T
0 1 2 a 4 5 ] k4

lime [weeks}

‘Figure 29. Temperatiore evolusion at the rarfece (A) and in the center (B} of 2 daily twrned (intensive = Sxiweek, on
every work day up 1o week 6, then 2-3/ week} and & weekly rumed open-air windrow. Experiment GRAZ (mostly gar-
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In the windrows made of garden and kitchen waste (Experiment GRA3, Figurc 30), the differences
between the daily and Lhe weekly turned windrow were less pronounced, the mean temperature of
the weekly (umed windrow being even slightly higher.

The susface 1emperatures (Figure 30A) did rise very rapidly in the beginning of the composting pro-
cess, but did not exceed 60°C any more beyond the Sth week of composting, while core tempera-
tures (Figure 30B) conid be maintained above this value for at Jeast 2 months. The collapse of tem-
peratures i she surface material in the 11th and 2th week might be explained by a drying of the
compost surface (see Figure 35). Taking inte account the reduced tuming frequency aiso for the
frequently turned windrow at this moment (2 xiweek), the humidity could not be corrected immedi-
ately.

The temperature rise at the heginning of the process was a little delayed in 1he center of the windrow
(Figure 30B), probably due 10 insufficient axygenation in the quite wet and dense material, and thus
10 a more important energy storage in form of latent heat. Temperature maxima where reached iq
the daily turned windrow at the beginning of the third week of composting, in the weekly tomed one
ua few duys Jater. The high nutrient content allowed to maintain the temperatores for almost two
menths above 60°C, versus only 5 weeks for the garden waste composts (se¢ Figure 29),

When comparing the temperature evolution in the center during the maturation phase (12" o 16"
week) of the daily and the weekly turned windrow (Figure 30B), i1 can be seen that the core tem-
peratures of the former were 10-20°C higher. This indicates that there composting conditions (water
and nutrient content} were permissive for optimal microbial activity until the end of the experimem,
while the low humidity (Figure 15} in the weekly tumed windrow did bring abowt a premature end
(o the composting process.

Center tesnperatuses exceeded 60°C in the windrow that was tumed ouce a month (Figure 30B);
maximum temperatures were reached aler the first (urning (see Figure 29). ( the surface (Fig-
ure 30A), however, the 60°C mark was only surpassed for short momenis after the twrnings, and fell
well below 50°C for the rest of the time. Temperature evolution fa the center and at the surface was
quite parallel, with a difference of aboul 20°C.

The temperature curves also showed that the usually practiced composting duration of 6-7 weeks
Icad to a first stabilization of the compost material by the degradation of the easily metabelizable
substances. When treating nutrient rich material, 3-4 months would be necessary for the production
of a really stabilized compost that would not heat any more after tarnings.

Similar results 10 the oncs shown above were obtained by P. Scuerer (FH Hamborg, personal
communication), who investigated the temperature evolution in compost windrows of comparable
size, turned every second day with a Sandberger machine. In the windrow consisting of 30 %
hiowaste and 70 % structore material, maximum temperature in the core {0 cm from the rop}
reached 70°C in the first week, and fell below 60°C after the 2nd week of composting. In the com-
post contsining 70 % biowaste and 30 % structure material, temperatures rose faster, stayed in the
center ghove 70°C for at least 2 weeks, and descended only after 4 weeks below 60°C. 1a both
treatments, tcmperajure differences of up to 20°C were observed between the center and the surface
{lateral at 10 csm}).
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more kitchen waste (experiment GRAJ, Figure 33), core temperatures between 60 and 70°C were
maintained. Except for a faster temperature increase in tbe first week, no big differences could be
observed in the weekly wrned windrows between the 1wo experiments, correspending to the tem-
perature curves shown in Figures 29 and 30.

Similar isa-temperatare curves were presented by FERNANDES et af. (1994), who compared the per-
formance of passively aerated compost systems for the degradation of a mixture of peat and poultry
manure. In the beginning, higher iemperalures were measured near the pile exterior, while the lower
middle part stayed colder. After abeut 10 days of composting, peak temperatures around 70°C were
reached, 1he iso-curves showing the typical "onion” layering of the temperature zones, with the core
being the warmest. Afier 30 days, temperatures wens back to amivent. The anly difference was that
by comparing two different initial mixtures, the one (hat contained more organic matter (poultry
manure: peat = 4.5:1} showed 5-10°C lower temperatures than the ane with less poultsy manure
(1.5:1}. In that case, the extremely high water content (80 %) of the former mixiure might have led
to an nsufficient oxygenation, ad thes a slighter self-heating.

To better compare the temperatures reached in the different windrows, Figure 34 presents the per-
cenlages thal represent the differem temperature zones in the heap cross-section for experiment
GR A2 and GRAS3, respectively, The zones were chosen as follows, as 4 funclion of the prowth or
survival of AF {sce also Chapter 3.1.4): below 30°C, growth is very slow, but spores and mycelium
can of course survive. Between 30 and 50°C, prowth of AF is very rapid, and heavy sporulation oc-
cuss. Between 50 and 60°C, no or only very little growth occurs, but most of the spores survive.
Above 60°C, the majorily of the spores get kilied in a short span of time.

The stage where the higgest part of the windrow (60-70 %) reached temperatures above 50°C was
attained very carly in the process: for the daily turned windrows after 1 week, for the weekly or
monthly tumed ones after 2-3 weeks. Afier the peak, only about 40 % of the whole composting
mass was al temperatures above 60°C, and there was always a quite constant part {20-30 %) af the
windraw that showed temperatures ideal for the proliferation of AF. MOLNER et al. (1977} calcu-
lated ihe zane of < 60°C, svited for the development or survival of AF, as 60 % of the 1atal volume
for a free-standing pile, and of 25-38 % for a 6 m wide, 2.5 m high and 25 m long windrow com-
sisting of mixed sewage sludge and wood chips. When calculating the areas of the different tem-
perature zones from the representations of ise-temperature curves shown by Hay & KUCHENRITHER
(1990), citing from a reporl by lacopom (1983, il results that only between 4 % (for Sx/week
turned windrows) and 15 % (for windrows turned 2-3 xfweek) of the windrows were » 60°C. The
author's deduction, however, that the small hot zene in the daily tamed windrow was solely due to
coaling due o the frequent turnings does not iake into account that the frequent tumings could have
accelerated the degiadation process, provoking an exbaustion of the nutrilive sources for the de-
giading microflora, and iherefore an acceleraling temperature decling. The dimension of the zone
below 30°C was greatly influenced by the ambient air temperature, as observed by FERNANDES ef al,
(1994), who found a strong correlation between the lemperatures measured in to corner of trapezoid
heaps, and the ambient temperature,

The delay in the heating of the compost made of garden and kitcheu waste (experiment GRA3) due
to the high amount of water is clearly visible, as well as the slow heating of the weekly turned wind-
row in experiment GRAZ.

It is intetesting to observe that the absolute highest temperatures (78°C for experiment GRAZ, and
82°C for experiment GRAJ) were not measured st the moment where the biggest percemage of the
windraws was at lemperatures above 60°C, but 1-2 weeks later.
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When interpreting the results shown in Figures 31 and 33, it has to be takeb into account that the
iso-curves were drawn after calculations that might not always exactly represent the reality, becanse
temperature measurements were not carricd out evenly in the windrow, However, vetification of the
shape of the temperature iso-curves was obtained by camying out measursiments in a compost wind-
row of the same dimensions every 20 ¢m vertically and horizontally (results not shown).

Also, emperatures were considered as being symmetrical for the two halves of the triangular wind-
rows, This was confiumed by measurements by FERNANDES et al (1994) in open-air windrows dur-
ing the summer months in Ottawa, Canada, and by INSAM et af. (1996), for microbial activity meas-
urements (aken From the two sides of a cattle manure compost windrow set up during April to June
in Anslria, but refuted by SCHUCHARDT (1990), who showed asymmetrical temperature distribution
in windrows, as a Function of wind, set np doring winter in Northern Germany. Windrows being
placed under a roof did, however, show symmelrical iso-carves, la the situation of our own meas-
arcments, temperatures were might only slighily influenced by the wind, as the windrows were
placed lengthwise in the divection of the wind. Measurements were carried out on that side of the
windrow facing ootward of the rotling arca, and being thus the half that represented the “worst
case”, becavse it was more exposed to wind than the other half.

But it is not only the different lemperature zones in a windrow that influence the thenmo-
hygienization owards potential pathogens, it has also to be taken into account how often the com-
post is tamed, that means the different zoncs mixed, and also how cffective this mixing is.
SCHUCHARDT {1990) has executed very inieresting experiments to prove the mixing efficiency of a
newly developed tuming machine: by placing numbered wood pieces at given positions in the wind-
row, and searching for them afler the passage of the tuming machine, he could show that they were
more ot less evenly distributed. From the bottem zone (first 30 cm, representing 31 % of the wind-
row cross-section), 70 % of the markers got to the hot cenler zonc, while 30 % stayed in the colder
bortom zone. From the surface zone {the first 10 cm under the surface, at the top the first 5 em, rep-
resenting |17 % of the cross-section), 55 % got to the hot center zone, while the rest (45 %) got to the
battom. From the cemer (representing 52 % of the windrow cross-section), 42 % stayed in the cen-
ter, the rest got to the bottom.

WATER CONTENT

The aroouwnt of waler in a compaost is an cssential factor for the proper functioning of a composting
process, as it influences the uptake of nutrients by the microorganisms, but also the oxygenation of
the matcrial. Furthermore, the dryer the compost, the more organic dust, consisting for a large part
of microorganisms, is generated when compost is turned (MILLNER ef al., 1994),

In experiment GRA2 (Figure 35A), water conltent initially increased from about 50 % to 55 %, most
probably due to the cambined effect of the generation of process water by the degradation of organic
subsirates, and by the supply of 1ain water. As the composting was carried out in the open, the influ-
ence of the weather became more strongly apparent at the surface of the windrow than in the center,
where an almost constant humidity of 30-55 % was maintained. At the end of the experiment, the
compost was still quite wet (60 % humidity), which could pose problems for the screening, where
the ideal humidity should be between 35 and 40 % (RICHARD, 1997),
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Figure 35, Evoluiion of werer content in differemtly trzated open-gir windrowe: dnily wrned {itiensive = Sxhvesk, on
every workday up 1o week 6, then 2-3%f week), weekly terned {moderate i ive) or hy turned | fre
A = axperiment GRAZ (mostly parden wasie, CIN 40:1); B = experiment GRAZ (garden + kitchen wastie, &N 30:1),
# rain during sampling.

When the raw material contained more kilchen wasic {cxperiment GRA3), the initial water content
was higher (around 60 %) (Figuse 35B). Due 10 the rainy weather at the beginning of ihe experi-
ment, no drying was observed during the first two weeks; the surface of the extensively treated
windrow became even welier, because the windrow was not covered with a tarpaulin. The high wa-
ter content was also remarkable in the daily turmed windrow, where the soaked material of the com-
post base was daily mixed with the material from the rest of the windiow, resulting in an overall
very humid compost, which translaied in a delayed temperature raise in the center (sce Figure 30B).
It can be concluded 1hat in very wel weather, toa fiequent turmings can resull in a too intensive wel-
ting and cooling of the compost.

The conirary was abserved during dry weather: by addivion of waier during tuming, a sufficient de-
gree of humidity could be mainiained in the intensively heated windrow, while the windrow that
was only lmined once a week gol too dry {see week 11), reaching values that were crilical for micro-
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bial activity. The experiment was carried out during iate fall; in the summer months, the problem of
dryness would probably be even more pronounced.

Due to the generally lower temperatores in ibe extensively treated windrow, deying was less intense:
even afier & months of composting, 60 % bumidity was measured. Especially the surface stayed 100
wet all through the experiment.

PH

The rise of the pH is due ta the metabolization of organic acids, and the liberation of ammeonium, a
sign of degradation of prateins. Narmally, their breakdawn is finished in the first weeks of the com-
posting process, leading to a slabilization of the pH at arcund pH 8.
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— daily turned, surfaca Jaloral 2t 20 ¢m)
daily wmed, center {laleral at 60 cm)

-+ » - wenkly tumad, surface {tateral =1 20 cm)
------- weekly fumed, esnter (lateral a1 60 cm}
wmemee rronthly lumed, sudace (lataral f 20 cm)
===+ mronthly tumed, center (lateral al 60 cm)

9,5 -
9,0
85 A1
8,0 4

T 75
7,0

6,5 1

6,0 4~

551

Tima [weaeka)

Figure 36: Evolution of pH in differently treared open-air windraws: daily wrmed (infensive = Siweek, on every
workday up ta week 6, then 2-3x/ waek), weakly wened (moderaie imtensive) or monrhly turned {axiensive). A = experi-
nient GRAZ {mostly garden waste, C/¥ 40:1); B = experiment GRAZ (garden + Kitchen waste, O/N 30:1)
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Figure 36 shows the evalution of pH for the two experiments GRA2 and GRA3. While the pH rise
was quite rapid in the samples taken at the surface, it was retarded in the ones from the cenier, con-
firming the pH measurement made in experiment GRAL The delay in the pH rise was the mare
pronounced, the less intensively the windrows were treated. 1o the manthly wmed windrow (Fig-
ure 36B), the pH even fell until the 3rd week of cormposting, a sign that in the core of this windrow,
anaerobic canditions were present, The same 'was observed by ROWE et al. (1996), who interpreted
the faster pH rise in the daily tarned windrow as a more rapid degradation of organic acids due to a
better seration. The pH rise was alse a function of the starting material: the more the tnitia) mix
contained easily degradable substances, the faster it happened. In the monthly tormed windrow, a
sligh decrease of the pH lrom 8.8 o 8.3-8.4 was observed at the end of the 6-mianth composting
period (results nat shown).

DEGRADATION PARAMETERS

The main gaal of composting is the transformation of a putrescible material into a relatively stable,
humus-like cnd producs, suitable for storage and that can be applied without damage to plants. The
beuer the eonditions are for microbial activity (nutrient content and availahility, oxypenation,
moistare, optimal temperature ranpe, pH, etc.}, the faster the degradation of the organic matter ad-
vances. Any treatment of compost (shredding, turning, acration) happens in the view of an aceelera-
tion of the degradation. In this way, the surface necessary for the composting process can be re-
duced. According to different authors (ILLMER & SCHINNER, 1997, INSAM et gl 1996; MICHEL et
al, 1996; HELM, 1995; FRICKE, 1988; GRAY & BIDDLESTONE, 19718a), turning led to a higher degree
af decompasitian, or in other words ta a more mature compos! (CHEN & INBAR, 1993).

Of course, the maturity that a compost should reach is Lo be defined as a function of its vlilization:
when it is applied to ficlds, and undergoes there narmally further transformation before sawing or
planiing, a less matore product is required than when it i3 nsed in potting mixes for horticalure.

Several parameters can be measueed to follow the maturation of a compost (see Chapter 1.5.3).
Various authors proposed to analyze the water soluble fraciion of the compost, which shonld con-
tain 10 a large percentage those ntrients directly utilizable by the microflora, because the uptake of
nuetrients fiom the compost material by microerganisms happens almost exclusively if they are dis-
salved in water. However, evidence cxists that some types of microorganisms are directly sticking
ta the surface of salid particles; the enzymes that hydrolyze the palymers are located in their mem-
braneg, and the uptake happens wlthout solubilization of the manomers (PERRE-FRANCOIS LYON,

personal communication).

The monitoring of the organic matter content, the C:N ratio and the water extractable arganic car-
bon (WEQC) for the different treatments should shaw if a more frequent turning led to a faster
maturation.

As a function of the composition of the starting material, the initial C/N ratic was bigher for the
garden waste {40:1, GRA2,) than far the mixture of garden and kitchen waste (30:1, GRAJ) (Table
19}, After twa manths of composting, however, the values were very similar (around 18) for the two
experiments, and did not change much any more for the rest of the composting process.

The data for the organic matter content showed the same tendencies: from an initial content of
68-72 %, the values dropped ta 45-48 % after two month of composting, and stayed at this level,
except far the monthly turned windrow in experiment GRA3, where ihe overall lawest values were
reached after 16 weeks of composting. It seems that in this windrow, due to the low temperatures in
maost of the material, the action of mesophilic organisms, most prabably Basidiomycetes lead to an
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exiensive degradation of the otherwise difficult 1o degrade lignin-hemicetiulose compiex. This con-
firms the theory 1hat degradation is maximal at 45-55°C (STENTIFORD, i996).

The waler exiraciable organic carbon (WEQC), which contains the fraction of organic material di-
rectly milizable by the microorganisms, decreased more rapidly in the daily wmed cemposts (from
1143 pg/eDW in experiment GRA2, and 1642 pg in experiment GRA3, to 201 and 394 pg after
4 weeks, and 164 g and 381 ug afier 8 weeks of composting, respectively) than in the weekly (272
and 472 pg after 4 weeks, and 220 and 496 ug after 8 weeks) or monthly (663 pg after 4 weeks and
506 pg afler & weeks) turned ones.

Table 19:  Degradmion parameters [C:N, organic matier, water extractable organic carbon) for differently treated
windrows [daily tarnings {(Sx/week} = intensive; weekly turnings = moderate indensive; monthly irmings = extenzive),
for experiment GRA2 and experiment GRAJ, Samples were taken after turning.

CIN
Experiment | furing starting 2 weeks A wetks B weeks 12 weeks 16 weeke
frequency material
GRA2 daily 40 3 29 18 nd nd
GRA2 weekly 40 3 26 20 nd nd
GRAJ daily 3 23 20 16 20 13
GRAJ weekly 31 22 16 16 15 14
GRA3 manthly 3 nd 19 17 14 12

organic malier | % of dry welghi]

Experiment | turning starting 2 weeks 4 weeks 8 weeks 12 weeks 16 weeks
Trequency malerial

GRA2 daily 72 57 58 45 nd nd
GRA2 weekly 72 60 57 48 nd nd
GRAZ daily 68 80 53 47 43 42
GRA3 weekly 68 55 46 48 43 43
GRA3 monthly €8 nd 48 47 40 a5

Waier Exivoctable Organic C [mg/g dry welght]

Experiment | | torming starling 2 weeks 4 weeks Bweeks | 12weeks | 16 weeks

frequency material
GRA2 dhily 1143 261 201 164 nd nd
GRA2 weekly 1143 454 272 220 nid nd
GRA3 daily 1642 817 304 331 354 264
GRA3 weekly 1642 an 472 496 331 244
GRA3 monthly 1642 nd 663 506 408 205

WEOC showed indeed to be # much more sensitive parameter than C/N or OM to monitor degrada-
tion, preseming a distinci evolution for the different treatments, bui also for the composts made
fram differenl siarling materials (Table 19). The more rapid decrease in WEQC for the daily tumed
windrows, as well in experimenl GRAZ as in experiment GRAJ, could indicate that through the
frequent mixing of material from the surface and the center of the heap, the miccobial activity was
not at all affected, but rather enhanced, and the degradation accelerated, INSAM et al. (1996) found a
faster decreasing amount of dissolved organic C in windrows tumed 1-2 times/weeks compared to
cne that was not turned at all.

The composition of the initial material influenced greatly the amount of WEOC: the compast made
from mainly kiichen waste (experiment GRA3) contained even after 4 months of composting about
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1he same amount of WEOC than the one made from mainly garden waste (experiment GRAZ) after
2-4 weeks of composting.

The values for the WEOC presentcd above were about 10 times lower compared (o the ones piven
by GaRClA &7 al. (1990}, who listed values between 1.27 and 4.56 % DW (coreesponding 10 12700
to 45600 ug/gDW) for differemt starting materials {sewage sludpe, grape debris, city refuse), and
0.41 10 1.19 % DW afier 90 days of composting. Unfortunaicly, these atithors did net indicate if and
how they filtered the sample for analysis, which could have a big influence on the amount of carbon
measured. Even if the absolute values can not be compared, tendencics in the course of the com-
posting process were similar, and the fraction of the water-soluble carbon showed the maost impor-
tant decrease compared to other maturity paramcters measured (CfN, eolor of the warcr extract).
Also, MARUGG et al. (1991} found higher values: 7410 pg/gDW in the fresh material (a 1:1:1 (v/v)
mixture of grass clippings, brush and leaves), and 2060 ug/gDW afler 4 months of composting,
They did not indicate, though, by whal method they measured total carbon, Data of water soluble
organic C in municipal solid wasic compost presented by [IANNOTTI e al. (1994) can also not be
interpreted, because these anthors indicated mg total water seluhle C per ml, without giving the
amount of water used for the preparation of the waler extract. Astonishingly, they found in the first
time an increase of the WEQC, as for other parameters (organic matter, C/N), and only from the
10th day of composting on a steady decrease, until the 12th week of compesting, after which only a
slight reduction was measurcd. The authors interpreted the remaining, no more melabolizable or-
ganic matter lowards the end of the compast matoration process as saluble humic substances.

The quite high WEOC conlent in the composts made fiom parden and kitchen wasle afier 4 months
of composting when no more self-heating was observed, an indication that the compost did not
contain any easily degiadable subsiances any more, might thus be partially explainable by the pres-
ence of a high amount of soluble humic compounds. Maybe the formation of such substances was
favored by the high concentration of organic matter in the starting material,

Comparisons of the freatments have 1o be made with precaution, becavse part of the water soluble
substances can bt 1ost in the leachates, which can eriginate from compos! containing excessive
amounts of grass clippings or other highly degradable and very moist materials. FRICKE (1988) indi-
cated for biowaste compost containing a high percemage of kitchen wastc 2 maximum of 15-25 | of
leachates per t fresh weight. Soluble substances can alsc be washed oul of uncovered heaps in heavy
rains: MARUGG et al. (1851 calculated the amount of total carbon in leachates during heavy rain at
600 g /i’ occugind by a windrow containing 1/3 grass clippings at the beginning of the process,
and at 170 g / m” after 4 monihs nf composting. In our expertments, important washom should have
been avoided by covering the heaps, if the weather forecast announced rain, with & tarpaulin.

Another way of representing the maturation of |he composi is to present the rate of degradation
(Figure 37} calculated according (o KROGMaNN, (1994) (see Chapter 2.2.5). In both experiments,
meore than half of the organic matter was degraded in the first 2-4 weeks of composting, 10 proceed
more slowly for the rest of 1he experiment 10 final values between &3 and 75 %.
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Figure 37: Evolution of the degree of degrodation, calculated on the bosis of the WEOC measurements (vee Tuble 19)
of a daily wirned (Shveek): weekly turned or monthly turned open air windrow, for experiment GRA2 and experiment
GRAZ, Sampler were taken after eming.

Microbiolegical analyses

An crucial feaure of industrial composting is the impertant seli-heating of the compost, accelerat-
ing on the one hand the degradation process, leading on the other hand to a thermohygienization
towards human, animal and plant pathogens and weeds. Ameng the potential human pathogens and
allergens, AF has special significance, as this saprophytic mold has its habital in compost. AF con-
cenliations were investigaled in the compost, but also in the air during (urning, as infection happens
thmough inhalatien of AF spores. Besides AF, bacieria belonging Lo the Family of Enterobactera-
ceas, especiolly califorms, some being considered as indicators of fecal contamination, can be found
in compast. It was investigated if coliforms were gliminated in the same order a8 AF in the caurse of
the composting process.

ASPERGILLUS FUMIGATUS

In the compost

For the discussion of the following resnlis, it has to be taken inta account that the sampling depths
indicaled are approximate valves (length of the compost auger 25 cm), and that, especially for the
samples taking in the center, a slight comamination wilh material from the outer layers might be
possible, The "surface” samples were taken in a depth of about 20 cm, where, al least in the peak
heat phase, temperatures were already quite elevated. AF might have been preseni in higher con-
centrations in a zone between 5 and 20 em depth, where temperaiures and humidily were permissive
for its growth. :
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The imilially high AF concentrations in the garden waste 2-10%3-10° cfu/gDW, Figure 38), got
quickly reduced lo low levels in the daily tumed windrow after ) week of composting in the center
of the heap (Figure 38B), and stayed at these low concentrations until (he core lemperature fell be-
low 50°C. At that moment, a recolonization of the compost with AF to about 10° clu/gDW was ob-
served, When the turning frequency was reduced fo only one tuming per week, AF ¢limination was
delayed in the initial thermogenic phase. However, due to the conlinuance of the hot phase, no
recolonization tp to the end of the experiment was observed.
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Figure 38: Evolution of Azpergillus fumigatus in experiment GRA2 (mostly garden waste, C/N 40: 1) at the surface {A)
and in the eenter (B) of o daily turned (= Sxtweek, on every workday up to week 6, then 2-3x/ week) and o weekly
turned open-air windrow. 1 vatues betaw the detecifon limit of 5-10 cfulg fresh weight

Daily turnings effected also a better elimination of AF in the surface material (Figure 38A), however
concentrations neves fell, with the exception of the fist week, below 107 cfu/gDW. With weekly
tumings, no values below 10* cfu/gDW were measured,
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In spire of a slower temperature increase in the daily med windrow ar the beginning of the com-
posting pracess in experiment GRA3J (garden and kitchen waste; Figure 30) compared to experiment
GRA? (Figure 294), reduction of AF nunabers as well as in the center as at the suface was more
pronounced (Figure 39). The low exygen concentrations (most of the time below 5 %, results noi
shown) measured in this phase of the process might have contributed to the fast elimination of 1he
molds fiom an initial concentration of 2-6-10°cfu/eDW 1o between nol detectable and
10% cfu/gDW. AF concentrations in the daily and the weekly turned composts were quite the same,
in agreement with the quite similar temperature evolution in the (wo ireaiments at the beginning of
the process (Figure 30). The almost identical AF counts at the surface (Figure 32A) and in the center
(Figure 39B] of the daily tumed windrow indicate a good homogeneity of the compost rmaterial,
Recolonizavion started first (from the 4th week of composting on, paralle] to the onset of the tem-
perature decline) at the surface of the weekly tumed compost, and reached aboul one order of mag-
nitude higher values (han in the compost that was turned daily, indicating that by the less frequent
lumings, degradation of organic matter was less intense, and more nutrients were available to the
mold afrer the thermogenic phase. SOARES (1996) showed thar the recolonization of compost by
Salmonetta was all The higher as the compost was less mature. In the center, recolonization was ob-
served even before the core temperatures fell belaw 50°C: from the 8th week on, AF numbers
started to increase, although the temperatures were for 3 more weeks > 50°C,

Extensive compost management, €.g. one urning per.menth, did hardly bring about a thermohy-
gienization of the compost at all. In spite of the quite high core temperatwies (> 60°C until the
11h week of composiing), AF concentrations were only reduced slowly, and never got below
107 cfu/gDW. At the surface, AF numbers remained between 10° and 10° ¢fo/gDW for the whole
e?}garimsnla] period. Final concentrations {at 22 weeks of composting, results not shown) were
107 cfu/gDW, again higher than in the daily or weekly turmed composts,

Sudden increases in the core AF concentrations, for example after 3 weeks in expaiment GRAZ,
and after 3% weeks in experiment GRA3, followed temperature decreases at the surface. Tt secms
that the wind and rain cooled a broad layer a1 the windrow surface, allowing regrowth of AF in this
zong, and reinpculating thus heavily the center part of the windiow when the compost was turned.

One of the few literature data where the concentrations of AF in compost were detenmined in func-
tion of the compost temperature is available fiom MREINER ef al. (1977). AF was detecied in com-
post samples from a 21-day old static aeraled pile prepared from sewage sludge and wood-chips in
lemperatute zones of 60°C or less, in concentrations between 10° 10 10° cfw/gDW. One zene with
temperatures between 62 to 63°C and a very low moisture content of 28 % yielded 2:10° AF/gDW.
Fiom hotter zones {60-82°C) no AF could be cultured. Ir should be noved, though, that the lower
limit of detection was 107 cfu/gDW. Concentrations were maximaj (> 5-10° cfu/gDW) in a sample
raken from a zone of 46-50°C, and very low (30 %) moisture content. In the cured compost {about
50 days old, 20 days with, 30 days without forced aeration), ar a temperature of 45°C, concentra-
tions were lower than in the 3-week old compost, ranging from 830 to 4.10° cfw/gDW. Values are
thus very similar to those from the monthly tumed compost in experiment GRA3. TOTER (1994)
examined the AF content of biowaste during composting in svatic aerated piles: from an initial con-
centration of 3.5-10° cfu AF, and 1167 cfu yeasts, the amount dropped 1o 4.6-10% in the hot (70-
T77°C) center of the pile, while at the cooler surface (48-55°C), concentrations of 1.9.10° cfu/gDW
persisied.
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Rasults and Discussion Fiakd studies - Windrow composting

In the air

The potential health hazard of AF arises not from the direct contact with the compost, but from the
inhalation of mold propagules {spores and pieces of mycelinm) generated during the mechanical
agitation of compost (FELDMANN, 1995; MILLNER, 1995). In order to test if the reduced AF concen-
trations measured in the composis by an inlensive treatment resulted in lesser dispersion, the con-
centration of AF m the air during tuning was measured.

Figure 40 shows the concentraiion of AF propagules in the air in 5 m distance to the machine duiing
turning of compasts made mainty out of garden waste {experiment GRAZ}),

7
A = daily tumings
6 HE weekly luinings 1
5 1 beckground level {bafore tuming)
w
*"’g 4
IR #
3 n
24 | =
o q -
. .
o 1 3 4 5 6 8

lime [weeks]

Figtire 40: Concentration of dispersed AF propagules (cfuwut’ air) in the air 5 m behind the mming machine, in the
direction of the wind Experiment GRA2 {muostly garden wasie, CN 40:1). T values above the deteciion limit
(3.3-40°cfu/m’ air).

Up to the 6™ week of composting, highet AF concentrations were measured when the moderately
intensive treated compost was turned. Numbers fargely exceeded in the beginning ihe upper level of
derection of 3,3 10" cfu/m” ait.

AF concemrations during the turning of the intensively treated windrow {daily tunings) were almost
zero in the beginning, when concentrations at both the center and the surface were very fow (see
Figure 38), rose to a maximem of 10* cfu/m’ air in the third week of composting, after which a de-
cline was observed untii the 6th week. Then, recolonization began, which translated in again rising
AF cancenirations in (e air.

On the basis of ihe resnits oMained in the experiment GRA2, it was decided to slightiy change the
experimental set-up, in that measarements wens made for one very close to the iurning machine {at
distance of 2 m), in order o avoid wind effecis. Al the same time, the dispersion at a distance of
10 1m, as best as possible in the direction of the wind, was detected. In such a distance to the me-
chine, the presence of peaple working on the composting site would be possible. As it had been
observed in the experiment GRA2 that plates were often compietely avergrown, 3 of the 6 replica
plates fiom the measurements 2 m behind the turning machine were ireated with the dilution / cul-
luring methad (see Chapter 2.2.2), the other 3 were cultured directly.

Results are expressed as the geomelric mean of the 3 direclly cultared plates; for the dilo-
tion/cuituring method, the three plates were united 1o one sample.
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Results and Discussion Field studies - Windrow compasting

From Table 20 it can be seen that the counts made alter washing the spores from 1he agar surface
were generally higher; differences could be more than one order of magnitude.

Tabie 20+ Comparison of airborne AF propagules {cfism’® air}, measured during ing 2 m behind the hine, and
dnected eiyher by directly incubaling the apar plases (direct culturing), or by washing ihe spares from the agar surface,
and plaiing the dilatiors of the washing solution on agar. Experiment GRA3 (garden and kitehen wase),
GM = peametric mean, nd = not determined

daity tnrmed windrow weekly tlumed windrow maonthly wroed windrow
[ni?kg] direct cuburing :::lf‘:'::f; direen culiming m::f; direct culturing ::f:;::g
GM vange GM range GM ronge
0 3210° [ 1-10° 8107 | 8.710" [ 3.210% | 11058167 | B.710% | 7.8110' | < 100-100 | 67.10°
1 >3.3.10° - 8.110° { 23.3-10° - 8o10® | nd - nd
3 1.310° | 810%310° | 1.010° { 3.610° [ 7.10%3.10* | 4.810° | nd - nd
4 5310 [ 3105910 | 2.5107 | 9.510° | 4-10%210°| 1510 [>3.3-10° - 3310°
5 2810 | 21044107 | 35107 [ 25.40° [210%310" [ 2410° | nd - nd
6 44130 | <100-6-10° | 9.1.10' | 2210° | 210%3.1¢' | 6210* ] nd - nd
8 5810° [ 8.10%2.10" ] 6.010° | 1.510" | 110%2.10* | 9110 |53.3-10° - 58.10°
9 8.710° [ 3-10%1.10" | 8.3-10° | 28.10° - 1310° | nd . nd
11 | 1.090° [ 3108310° | 2.0107 ] 4.240" [ 390%210° [ 3.310° | nd . nd
12} 3410 [g108110' | 1.7.10° | 7.510" | 510%9.10° | 4.410° | 1.210" [ 7-t0210" 3.7-10°
14 13107 | 210%-310° | 1.710° | 3.810° | 4-102210° | 1.010° ] nd - nd
15 [ 13107 §240%310° | 7.540° [ 17107 | 110721907 | 2510° | nd - nd
16 nd nd nd nd . nd | 4610° | 3.3-5810° | 4.8-10°
0 nd nd nd nd . nd | 7.2-10° { 410%2-10° | 2.8-10°

This can be explained by the fact that a certain percenlage of spores dispersed in the air are in
chains, which yield only one colony by 1he direct culiuring method, but break up when the spores
are removed from the agar in the Stomacher. REPONEN ef al. (1996) found in an laboratory se(-op
that the generation of spores from an agar surface at 30 % relative homidity (cH) yielded only 38-
48 % spore singlets, the rest were chains of two or eore spores, including long chains up o
13 spores. Al high rHs, as they are encountered during the tuming of a compost, however, these
spore chains tend to break up: at 95 % rH, MADELIN & JOHNSON (1992) reported up to 85 % single
spores. P. SCHERER (FH Hamburg, personal communieation) found, when measuring the microor-
panism dispersion at a composting site, sghily higher values when the gelaiin filters where dis-
solved and the resulting solution plated than when the filiers were cubrored directly, By collection of
bicaerosols during the movement of sewage sludge compost by a fromi-end loader on a six-slage
Andersen Sampler, MILLNER ¢/ al. (1980} found paticles > 4.7 pm, interpreting this as clomps of
AF spores, BOLED et al. (1995) advised against comparing resulis obtained by direst cultre (any
culture plate samplers or filter samplers where Lhe filier is cultured as is} with such from dilution
plating (homogenization of agar, liquid impingers or dissolved filiers), the latter leading generally (o
much higher counts because propagules will be separaied in individua) spores.

For the following comparison of the dispersion in (he air of AF propagules 2 m behind the maching
{Figure 41A) during the tuming of the differently (reared windrows, only the data obtained after
washing of the agar plates will be used, for one thing because they represend better the true particle
number encountered, bur also because by this method, no upper limit of deteclion exists, and thus
also concentrations >3.3-30° cfu/m’ air could be measured.
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Figure 41; Comparison of airborme AF propagules (cfu'm’ air) measured during suming of differenily treated
{daity = SxAveck {intensive); weekly {moderate i ive) or hiy fextensive) turned} windrows 2 m bekind the
turning machine (A), and in 10 m distance in the direction of the wind (B). Cfu's for the measurements at 2 m were
obtained by washing the particles from the agar surface, and plating the resulting diluvions again on agar, thage at 10
m by direct cultering.

The resnlts of the measorements made in close vicinity Lo the tuming machine showed, as had al-
ready been demonstrated in (he experiment GRAZ, that generation of bioaerosols was smaller, the
tnote frequently the windrows were lumed.

Already during the selting-up of the windrows, 10" cfu/m’ sir AF were delecled. The concentration
even increased, to reach a maximum value of 107 cfu/m’ at the first turaing of the moderale inten-
sively managed windrow. During the peak of the thenmogenic phase of the daily and weekly tumed
windrows {(weeks 2-3), concentrations were slightly lower (10> 10* efwm®), to rise again, as soon as
the temperatures started to fall. From ihe 8th week on, less propagules got dispersed, although in the
composi, & slight recolonization was observed, and the drying of the malerial shouid in principle
have favored dispeision. It should be kept in mind, thongh, that AF concentrations were only meas-
ured at two locations in the heap (lateral at 20 and 60 cm depth) that are not representative of the
entire windrow.
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Results and Discussion Field studies - Windrow composting

When turning the extensively Ireated windrow, concenirations between 10 and 10° cfu/m® air were
measurable ug) to the 5th month of composting. Gnly al the end of the experiment (afier 6 months),
< 1000 cfu/m’ got dispersed (results nol shown).

Measurements made in 10 m distance from the turning machine (Figure 41B) showed concentra-
tions of airborne AF that were 2-3 order of magnitudes fower than those in the immediate vicinity of
the machine. Evolution of results was less obvious than when air samipling was carried out very
close to the machine. This could be the resull of the difficulty (o take measurements o the direction
of the wipd. Delermination of direetion as well as force of wind showed often a very unstable situa-
tion, especially on the composiing site iiself, where many obsiaclcs led to the formation of local
turhulences.

Although the literature is rich with studies about the dispersion of AF al composting (see Table 8,
Chapter 1.8.1.2A) comparison of the data is very diffieull, because every study was unigue regard-
ing the type of composiing insiallation investigated, the air samplers used and the cullure media
employed. Also, it was often not stited in what disiance to the mold emiting source the mcasurc-
menis were made, or what iype of activity (shredding of raw material, lurning, sereening) was going
on,

The tesults that can be compared besl 1o ours are data by P, SCHERER (FH Hamburg, persenal com-
munication), who mvesligated the emission of bacteria and fungal spores on a similar composting
site, wherz turnings were carrted out every second day with the same type of machine as in our ex-
periments, Air measurements were made in a distance of 2 @ 1o the urner wilh a Sartorius MD8
sampler, coliecting the particles on gelatin filters. AF spore numbers were generally much lower
(< 10%cFa m?) than in our sludy, most probably dug 1o the nse of 3 filtration bioaerosol samplee,
which tends 1o lower the viability of spores because of the trauma of flow fate, dehydration and col-
lision (Jacoms, 1994). Tt could he shown, nevertheless, that the tuming of a windrow made up of
mostly biowaste {70 %), leading to high composting lemperatures, provoked in the beginning of the
cxperiment dess emission of AF propagules than the tuming of a windrow consisiing of mainly
structure material (30 % biowaste), where cors temperatures exceeded only in the first 2 weck of
composting §0°C. From the 10ih week of compesting on, when temperatures in hoth windrows
where between 30-40°C, that means in the optimal range for the growth of AF, more mold propa-
gules could be measured than during the thermogenic phase; concentralions were even slightly
higher in the windrow with a high percenlage of biowaste, indicating thal the more abundanily
available natrients lead to a higher recolonization.

When considering data from bioaerosal measuremends, il should also be kept in mind 1hal the sam-
pling method used only detected the viablg organisms, and thal laboratory tesis carried oul with
spores of Penicitlium chrysogemnm demonstriied that abom 25 % of the spores were not viable
(BUTTVER & STETZENDBACH, 1993). But, also non-viable speres can act as allergens, in that a struc-
twral component of the fungal ccll wall, the B-193-plucan, is itself an inflammatory agent {DOUWES
et al., 1996),

GRAR-NEGATIVE f COLIFORM BACTERIA

Beside AF, composl can contain other poterdial human pathogens that gei inlo the composi via the
taw maverial: enterobacteria like Saltmonella, Shigella, Escherichia coli or Klebsiella, enterococcei,
Legipnelia and others. The proof of the group of the so-called coliforms, that means Giam-negative,
Tactose-positive rods which contain many harmless strains, is often used as an indicalor for the pres-
ence of other, patentially pathogenic fecal bacteria.
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Figure 42 Evulution of Gram-negative bacteria al the mrfuce (A) and in the center (B} of open-air windrows. Ex-
perinenit GRAZ2 {mainly garden waste, CN=90:1). Windrows were timed daily {Sxiweek = intensive) or weekly (mod-
erate intgnsive). | values below the detection limit of 50 eficly fresh weight, Detection on MacCankey Agar. counting of
all colonies.

The data in Figure 42 repiesent the Gram-negalive bacieria. Actually, the selective agar medium
used (MacConkey Agar) was supposedly only allowing the growth of coliforms. Tests showed,
however, thai already after 24 h of incubation at 37°C, 73 % of the colonies were oxidase-positive,
mosi presumably strains belonging to the group of Pseudomonads or Aeromonads. Alse, all colo-
nies became alceady red after a short time of tncubation, accondingly to the manufacturer a typical
sign for coliforms, even if this was in the beginning more pronounced with the straing belonging to
the coliform group. In accordance with the literature (REINTHALER ef al., 1557, JAGER ef al., 1995;
MOTE et «l, 1988) all colonies were counted, and the total expressed as Gram-negative bacteria,
Tests showed that Gram-positive bacteria (Bacilli, Staphylococeus aureus) did not grow an the
MacConkey agar medium, but Prewdomanas aeruginosa did very well.
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When the data shown in Figure 42 are compared 1o those of AF, it stands ont that Gram-negative
bacteria seemed to survive betier than the fungus under the composting conditions. Concentrations
were in the center (Figure 42B) only at the moment of the peak temperature reduced to no more
delectable. Recolonization set in as soon as the temperatures went down again, At the surface, al-
most no reduction was observed: concentrations were at the end of the experiment siill
> 10° cfn/gDW.
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Figure 43: Evolution af coliforms during composting al the nutface (A) and in ihe center (B) of open-air windrows .
Experiment GRA3 {garden and titchen waste, C:N=30:1). Turning frequency: daily (Sxfweek, intensive); weekly (mod-
erite intensive): monthly fextensive). 1 values below the 2erection limir of 10 cfufg FW. Dertection was made on VRE-

Agar.

In the following experiment {GRA3), a different selective medium was chosen to detect the coli-
forms: the Violet Red Bile (VRB) Agar, a medium frequently used for the enumeration of coliforms
in food, where the coliform flora is often accompanied by a great number of other Gram-negative
bacteria. In order to enhance the selectivity, bacteria were cultured in the agar mass and not on the
surface, and after setting, a second layer of agar was poured ta cover the first one,
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In this way, microacrophilic growth conditions were created that favoted the facultative anaerobic
coliforms over other, strictly acrobic bacteria. Tests showed 1har indeed of the 39 strains tsolated,
97 % were oxidase-negative, and were identified as belonging to the group of coliforms (genera
Klebsiella, Escherichia, Enterabacter, Citrobacter).

The curves shown in Figure 42 resemble those for AF, with the restriction that the elimination of
coliforms was less complete, and that the recolonization, at least for the daily tumed windrow, set
on earlier, and reached bigher final concentrations. It can also be remarked that the fluctuations were
more pronounced, which can mean that as soon as conditions were locally a litlle more favorable,
these bacteria were immediately able to develop again, or that inoculation from the outer, cooler
layers was a1 times so intense that it took a while before numbers were neduced again under the in-
fluence of high temperatures. As for AF, coliform numbers were only gradually reduced in the ex-
" tensively treated windrow.

When comparing the behavior of Gram-negative bacieria and coliforms, it seems that the former are
much more adapted 10 the life in compost than the latter, which are supposed to only contain species
that live normally in the got of warm blooded animals. To the same conclusions came JAGER et al,
(1994a), whe investigated the fate of Gram™ bacteria and fecal streptococei during composting. In
finished compest from different sites (8-19 weeks of processing), they could isolate hetween 3. 10°
and 2-10° Gram™ bacteria and between 2-10° and 6-10% streptococci per gram compost. While the
number of Gram™ bacieria was as high as in the raw material, the number of streptococei was re-
duced by several order of magniludes.

Although califorms are widely used as indicatar for a fecal contamination (SCHLEGEL, [983), not all
representatives of this group are of fecal origin. For example Erwinig, a plant pathogen, may be well
adapted Lo the life in compost. For this, the detection of Escherickia cofi, a normal component of
the intestinal flors of humans and snimals (10% 1o 10° cfufg faces; SCEMIDT, 1994) might give a
beiter indication of the fate of potential fecal contaminants, although recent studies indicate that E.
coli might survive ar even thrive outside the gui (MARA, 1995, cited by P. SCHERER (FH Hamburg,
personal communication}).
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The graphs in Figuse 44 show that E. cofi, initially preseni in concenirations hewween 10° and
108 MPN/gDW, were, in the case of the daily turned windrow, not deteciable any more afiler | week
of composting, in the weekly tarned windrows after 2 weeks.
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Figure 44: Evolution af E_coli during comporling ar the surface (A) and in the cemter (B) of open-air windrows, Ex-

periment GRAJ (garden and kitchen waste, C:N=30:1). Turning frequency: daily (Ixfweek = intensive); weekly (moder.

afe infensive); monthly (extensive). 4 values below the delection limic of 28 MPNfg FW. Detection was made by ihe

MPN-method tn LMX-broih. Presence of E_coli wos admitied [f flcorescence and a positive indole-reaction was ob.
served,

Recolonization was weak, nol exceeding 10? MPN/gDW . In the monthly wmed windrow, concen-
watians between 107 and 10° MPN/gDW were measurable up 10 the 16™ week of compasting,
Recolonization in the mawralion phase was minimal, probably due to the compaiitive advantage of
the saprophytic microflora present in the compost at this phase (DE BERTOLD! et of,, 1983},
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The thermal inactivalion of microorganisms in a compost heap that ts agitated in frequent intervals
is deseribed in a malhematical mede] developed by HAUG (1993). He made the following simplify-
ing assumptions: the compost matetial is composed of twe zones, cach of which has a uniform tem-
perature, The temperature in the cooler zone is sublethal and cavses no erganism destruction, while
a uniform leihal iemperalure occur in the holier zone. Each time the windrow is turned, there is suf-
ficient mixing energy 1o canse a random redistribution of the material.

numbear of prganisms surviving

number of arganisms initialty present

fraction af composting material In the iow 1emperature, sublethal zons
fraction af composting material in the high temperature, tethal zong
thermat death coefficient

time Intarval between compost tumnings fdays)

number of pile turnings

M
Ny =Ng|h + r,,e“"d*‘"]

h+fh=1

Zers @R

The application of the model for daily (At = 1), weekly (At =7) or monthly (At = 30) tuming inter-
vals, assuming an initial concentration of 107 orgaaisms, is shown in Figure 45.
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Figure 45: Modelisaiion of thermal inactivation of potemitally pathogenic microorganism in daily, weekly or monthly

turned compast heaps, with different percentages of kot rones {compicte inactivation of pathegens, ky = =) and coid
zones (np inuctivalion of pathogens).

Twe different cenditions were assumed: a windrow with 80% of the material in the "het” zone, and
one with 50%. Taking the case of AF but also other pathegens, which get inactivated at tempera-
tures between 533°C and 60°C, these assumptions represent real situations in the first month of the
composting process, that means during the really thermegenic phase. The medel shows that the
\umning frequency greaily influences the inactivalion: while it would wake in a daily turned windrow
about 1.5 weeks in a compost with a large hot zone, and a lille more than 3 weeks in ene where
only half of ihe material is at (emperatures > 35-60°C fo reduce the number of potential pathogens
form an initial concentrations of 107 to 107, weekly tumings would lead to treductions of the micso-
bial number of 2.5 or 0.5 order of mapnitudes afler 3 weeks, respeciively, and monthly tinings
woutd effect almest ne pathogen redoction.
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Comparison with experimental data (Figures 38, 39 and 42-44) is difficult, becanse the model de-
picts the situation in the whole composting mass, while in our experiments, data form only two
sampling peints are available. Even if the tendencies are the same (stronger ceduction of AF num-
bers by higher tuming frequencies), the thermal inactivation js much more 1apid than the model
would predict. Tt has (o be considered, though, that samples denoted "surface” were not taken at the
surface itself, but in a depth of 20 cm, where in the beginning of the process, temperatures were
often above that lethal for AF {sce Figures 29 and 30). To prove the validity of the model, samplings
after tuming from the whele windrow section should have heen taken.

The model is insofar interesting as that i1 shows that a number of turnings are necessary 1o reduce
the number of potential pathogens: to completely eliminate shem (reduction by a factor of 7 order of
magnitudes), 10 tumings are needed in the case of a hot zonc comprising 80 %, which really repre-
sents an optimal situation, and 23 in the case of a hot zone of 50 %. To reduce an iniigl number of
106 coliforms, » number frequently detecied in biowaste, o 10, a limit demanded by the US, it
would take 4 tumnings with 80 % of the material in the hot zone, and 10 tumings when half of the
material is in the hot zone. The US law stipulates 5 tumings in the 15 days where temperatures have
to be above 35°C (see Chapter 1.3). The 3 turrings prescribed by the Swiss law would reduce an
initial nurober of 10° microorganisms by 1 order of magnitude when half of the material is in the hot
zone, and by 2 erder of magnitudes when 80 % is in the hot zone.

The model is a simplification that does not take into account microbial regrowih in the parts of the
windrow that show sublethal temperatures. Also, it was assomed that complete inactivaiion oc-
curred in the hol zone, which in the case of AF spores, might not be true {see Chaptet 3.1.4.2), On
the other hand, other factets than the temperature {¢.g. competition with siher microorganisms ot
antagonistic relationships, natural die-off due to depletion of nuitimenis or water, UV radiation at
the surface of the compost (HAUG, 1993} de also contribuie 10 the climination of potential pathe-
gens in compost,

MESOPHILIC AND THERMOPHILIC HEYEROTROPHIC BACTERIA

The MPN of mesophilic bacteria was quite high in the initial material mix in experiment GRA2
(mainly garden wasie, Figure 46); it contained 210" MPN/gDW of compost.

In the center of the daily tumed windrow (Figure 46B) they ot quickly reduced to about 10° doring
the first weeks of composting, and Stayed at about this level for the rest of the experiment. At the
surface (Figure 46A), a lincar reduction of the MPN was cbserved up to the 40® day of the experi-
ment, when also 10° MPN/gDW were reached; after this, no more changes were noticed.

In the cenicr of the weekly turned windrow (Figure 46B), abont the same evolution of mesophiles
was soen as in the daily tumed one. A the surface, however, 10° MPN/gDW were only reached at
the end of the experiment, ¢.g. after 55 days of composting.

The initial concentration of thermophilic bacieria under the chosen growh conditions {incubation in
Nutricni-Yeast brath at 60°C) in experiment GRAZ (Figure 47) was lower (4-107 MEN/gDW) than
the mesophiles, and 10se in both treatments (daily or weekly tumings) in the first two weeks of
composting, to reach belween 16° and 10" MPN/gDW, the daily tumings ceusing a faster rise.
While about the same concentiation of thermophiles was observed at the surface and in the cemter of
the daily tumed windrow during the thermophilic phase (about 10° MPN/gDW), getting reduced to
10* towards the end of the experiment, a considerable difference beiween the center and the surface
wes seen in the weekly turned windrow, the surface sepposting astonishingly more thermophiles
than the center. Due to the higher femperaiures, concentrations at the end of the experiment were
one order of magnitude highes (10° MPN/gDW) than tn the daily tumed windrow.
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Figure 46:  Evolution of mesophilic bacterip {grown in Nutrient- Yeast broth, incubation ai 80°C) during compasting
at the surface (A) and in the cerier (B] of open-alr windrows, Experiment GRA2 (matnly garden waste, C.N=40:1).
Turning fregrency: datly (SxMeek = intensive); weekly (moderate intensive). Detection was made by the MPN-methad,

In the experiment GRA3 (Figure 4B} the number of mesophilic bacteria was stightly lower in the
initial mix (10'® MPN/gD'W), may be due to seli-heating of the very nuirient-rich matesial already
during collection. As in experimnent GRAZ, numbers got reduced to about 1-10% in the center, and to
3.10" at the surface for the daily turned windrow, and stayed at ebout this level for the whote dire-
tion of the experiment. In the weekly turned windrow, ahowl the same concentrations were ob-
served, but the numbers were not as constant as in the daily turned one: in the first 3 weeks, reduc-
tion was more important, while after the peak heat phase & slight augmentation to 3-10° MPN/gDW
was cbserved. It was only the monthly turmed windrow that showed differences of about one order
of magnitude between the mesophilic connts of the surface and the center: as expected, numbers
were higher at the exterior ihan in the core, The highest mesophilic bacieria concentration was
measured at $be susface of the monthly turned heap, compared io the other ireatments.
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Figure 47: Evohition ef thermophilic bacteria (grown in Nutrient Yean brath, incobation ai J0°C) during composing

at the surface {4) and in the center [B) of open-air windrows. Experiment GRA2 {maiily garden waste, C:-N=4%.1).
Turning frequency: daily (Sxtweek = inlensive): weekly {moderate intensive), Detection was made by the MPN-methad,

Thermophilic counts were alsa higher in the initial mix in experiment GRA3 (Figure 49) than in
experiment GRAZ, an indication that some (hermogenesis had already taken place in the material
prior to the delivery to the compaosting insiallation. The daily turned windrow showed again almost
identical values for the material sampled in the center and at the surface; concenirations were main-
tained at aboul 10° MPN/gDW until the 7" weck of composting, and got then reduced to about 10°,
coinciding with the decrease of the temperature below 6(3°C.
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Resulls and Discussion Fiakd studies - Windrow composting

3.2.1.3C Further practical Implications of frequent turnings

Talfe 2I: Percent rejeci {screening by hand ai 38 mm) The elevated mming frcquency. besides assur-

composting fime furming frequency ing a It?rmd thermohygienization, .had further
{weeks] daily weekly | monthly beneficial effects on the composting process:
o 22 22 23 during the treaiment of more woody wasles
4 19 17 nd (experiment GRA2), the repeated passage of
[ 14 16 nd the tuming machine was mechanically break-
i0 9 13 nd ing apart the wood pieces, providing new sur-
iz 13 12 24 faces for microbial attack, bul also reducing the
15 g H 13 size of the particles.
20 - - 10 MICHEL et gl (1996) found that the bulk den-
ol : - 7 sity of the compost (kg/m®) in frequently (2-3

times/week) wmed yard trituming coropost

increased faster compared (o only lx/month
turmed windrows, and that the percentage of reject during sieving was greatly reduced by the inten-
sive uming regime. The same tendencies were found in experiment GRA3 (Tabte 21).

We also noiiced that the control of compost hurnidity was possible only by frequent mixings, be-
cause an effective addition of water can sclely be carvied owl during tuming (KEENER ¢f al., 1994).
During very wel perieds, though, the tuming frequency should be fowered, otherwise the compost
gets too humid through the incorporation of the very wet material from the base of the windrow.
Alse, wrnings should be carried out with moderation in very cold weather, especially for windrows
in an advanced state of maturation, because of the risk of cooling out the compost too much (Hay &
KUCHENRITHER, 1990). The quile Jow air femperatures (< 5°C) might be the canse for the rapid de-
cline in temperature of the faily tumed windrow in experiment GRAZ (Fipure 29).

While daily 1urnings seemed less important for the themmohygienization of material with a low C/N
ralio, other factors have to be taken inio accownt when deciding on the wming frequency of
biowaste with a high percenlage of kitchen wasle. With such staning materials, it is important to
lower the water conlent in the fiesh compost quickly, because thick interstitial water films hinder
the transfer of oxygen into the particles (MILLER, 1996). In consequence, large anaerobic zones can
prevail, with the emission of bad odors, In fact, dry matter evelved more quickly in the more fre-
quently tumed windrows (compare Figare 35, waler content}. Maoreover, high windraow core tem-
peratures drive naturaf agration by the chimney effect, resulting in better oxygenation through higher
air velocities (MILLER, 1996), and a more important water loss through evaporation, Also, by the
turning, the quite compact material gets fluffed up, which has a beneficial action on the natural air
flux inside the windrow.

Of course, beside qualitative, econormical aspects as well as the end use of the produced campost
(agriculture or horticulture) have to be taken into account when deciding about the optimal man-
apernent of a cornposting installation,
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Resuliz and Discussian Field studies - Windrow compasling

3.2.1.3D Current state of management at the composting site

In order to reduce operation costs (personnel, wear and tear of the tuning machine), the wrning
frequency was reduced 1o 3 turnings per week (Monday, Wednesday, Friday), and the windrows for
the production of agricultural grade compost did not get covered with a tarpaulin any more.

In 1997, the enterprise opened, together with other pamness, a methanization plant, where biode-
gradable kitchen, retailer and restawant wasles can be trealed. Upon delivery to the different com.
posting sites owned or operated by the enterprise Vollenweider, the waste gets sorted in a woody
{raction, which is shredded and composied immediaicly, and a wet fraction, which is supplied 1o 1he
methanization plant. The solids remaining after methanization are returned to the compasting sites,
where they are mixed with freshly shredded woody material, and composted. The energy produced
by burning the biogas from the methanization process is iransformed 10 electricity used for the awn
requirements of the methanization plant The surplus can be sold as so-ealted "green electricity” 10
interested privates a1 a price 3 times that of normaf current. The heal is used in a neighboring ce-
ment indusiry for the healing of their molds.

To enhance the sales of the mature compast to the Large public, a company was founded who pre-
pares different mixtures of compost with seil and Chinese reeds, sold in 50 ) bags.
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.

3.2.2 BOX COMPOSTING (ROOFED; AERATED)

3.2.2.1 TECHNICAL DATA OF THE INSTALLATION

The installation, depicted schematically in Figare 50, consists of roofed, acrated boxes (15.5m
long x 4 m wide x 3 m high), which can each hold aboui 150 m” compost {volume of the starting
material, filling height of 2.5 m). At the end of the composting process, the volume is redueed to
80’ {filling height of 1.3 m). The biodegradable waste {50 % separately collected kitchen and
garden wasle and waste from a vegetable processing indusiry, 50 % tree and shrub ifimmings; occa-
sionally aerobically stabilized sewage sludge (pressed to 20 % dry weight)) is immedialely shredded
upon reception, and filled into the box by a system of eonveyor belts.

{mature composd, box B
s
chile —I box & (Ming)
liesh
compos,
seraenad
o130 bax 4
beee 3
gt box 2
amplying
\ /| icwasig ram
bin collecdan bax 1
” T
rocled arqe —_
5m

Fipure SO: Schemutic depiction af the composting site ai Tédgerwilen,

The composting is temperatore controlled by two sensors, which are placed in the central past of
each box, at an approximate depth of 50 em {Figure 51A). The higher of the two temperatutes
measured by the sensors is taken inlo account. If the temperature sinks below 30°C, no aeration oc-
curs at all, if it is between 50-70°C, acration happens at intervals, and above 70°C, aeration is con-
timnos. Most of the time, aeration is in inervals which are varicd as a funetion of the stage of com-
posting: an initial high aeration rate is used, this is progressively reduced with time (variable rate
aeration system, LETON & STENTIFORD, 1990). One ventilator is installed per box, with a capacity of
40 m" aichnin (corresponds 10 about 60 m* air/ hege wight DY continuous aeration, calculated on the
basis of a mean compost density of 0.5 Um™. The compost is turned once a week with a slowly ro-
1ating, hollow spiral {diameter 80 em) with moves on overhead rails, and which has a turning ca-
pacity of 20-40 m’ composth (Figure 518). Water can be added during turning,

Afier about 6 weeks of composting, the boxes, which arc equipped with a door on one side, are
emptied with a front-end loader. The compost is seteened to 30 mm, and stocked in the open until
use (agriculture), being turned, in the case of longer storage, from lime to time with a front-end
loader. A small fraction of the mature compost gews sereened a second time to 15 mm, and gets
stocked nnder roof, for use in horticulture, or to be put in sacks for sale 10 the general publie. The
rejects are recycled, after being manually separated from foreign matier (plastics).
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The installation was taid ont for the treatment of 2000 t green wasiely, but alrcady in the first year of
operation (1993), 2100 t were treated. In the second year, 2700 t got delivered to the sile, and be-
cause an ongoing increase of waste was noliced, an extension of the installation by adding four
boxes more was realized in 1996, bheing operalional after our experiments were lerminated.

As a consequence aof the surplus of material, the roiting time in the boxes had to be drastically shon-
ened: instead of the initially planned 8-10 weeks of trealment, the compost had to be taken out of
the boxes already after 4-5 weeks. Due to the excellent contact that the manager of the installation
had with the farmers in the surroundings, the produced compost got most of the time immediately
distributed and put or the fields, avoiding an uncontrolled continuation of the compasting process
outside of the boxes.

3.2.2.2 EXPERIMENTS CARRIEOD OUT

The objective of the examination of the installation carried out during September 1994 was io ob-
tain first data about the guality of the composting process and that of the end product. The micro-
biological and physico-chemical analyses should allow a judgment of the process, and serve as base
in view of fature improvements.

The acration cycles were as follows: | minute acralion every 5 minutes for the up to 2 week old
composts (corresponding to a total amount of air of 10 m ettt weigh), 1 minute every 160 minutes
for the older composts (3.5 maﬂl-tmm.).

H'nl : lim )
48 2 ¢ 4.8
Venti- il x3 e Doar
lator 2m,y 4 7.75m I o B x 2D
* 2m * i
1m 1mT

Figure 52: Measuring and sampling points in a compaost box.

In order to get an ides about the homogeneity of the compost in the guite large boxes, temperature
measurements were carried out vertically ai different points, in 6 and 40 day old compost (Fig-
ure 52}, as well as in the {resh compost stocked in the open and the mature one stocked under rool.
Measurements were carried out at 10, 30, 50 and 100 cm depth. For detailed methods, see Chapter
22.1.1.

Gus measorements {0y, CO;, CHs, H25, NHa) were performed in each box at the surface (-10 ¢cm)
and in the center (-60 cm) of the compost mass, each time in a location with high temperature (60-
70°C, "hot") and in one with low temperatare (45-50°C, "cold™). For detailed methods, see Chaplers
22.1.2.

Bioacroso]l measurements were carried out in different locations on the site, without any activity,
during shredding, acration of 6, 19 and 40 day old compost, and tuming of 40 day old compost. For
detailed methods, see Chapter 2.2.2,

Sampling: at the same points where gas measurements were camried out, samples were taken, ac-
cording to Chapter 2.2.3,

Migrobiological analvses: Aspergillus fumigatus; thermotolerant molds and yeasts; heterotrophic
thermophilic bacleria. For detailed methods, see Chapter 2.2.4.

Physico-chemical analyses: pH, dry weight. For detailed methods, see Chapter 2.2.5.
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The aim of the following tests was to determine the influence of the starting material, which varied
greatly in functien of the time of the year, on the composting process. For this, the installation was
visited three times: in summer (June), in fall (November) and in early spring {April). Although care
was taken (o proceed each lime in the same manner, some of the process parameters that were ovt of
the range of our control changed in the course of the experiment. Table 22 gives a summary of the
mos! importand changes:

Table 22: Componing conditions and eomposition of ihe sinning mareriaf.

date of aernlicn air suppty tofal sewage sludpe compasition of the
sampling Imafh-im,, weignl | [dey weight per box| slarting malerial
June * compost (-2 weeks: 30 2t grass cubings, weeds, herba-
{summer) | 2 wmin., 2 min. pause cenus garden waste, kilchen
« composi 2-3 weeks: 20 21 wilste, suclure material
1 min, 2 min, pzuse
* compost 3-4 weeks: 12 21
30 sce., 2 min. pause
November |« in all hozes: 3.8 tmly in Ihe COMpOSst dead leaves, shrub cullings,
(autumn) { min., 15 min. pause 3-4 weeks: 1,71 kilchen waste, siructure material
Aprit s compes! D-1 weeks: 55 compost 0-2 weeks: 121 aree cublings, ¥ichen waste
{early spring) | 30 sec., 5 mmin, pause composl 2-3 weeks: 41
* compasl 1-4 weeks: 29
15 sec., 5 min. pause

Temperawges were measured al each occasion, at 5-10 different points vertically (at 10, 50, 100 and
150 cm depth) in the youngest compost (1-1.5 weeks old), in an intermediate compost (2-2.5 weeks
old} and in the maturest compasi {3.3-4 weeks old). Fer detailed methods, see Chapter 2.2.1.1.

sol measuremenis were carried outl without any activity on the site, and during unloading of
biowaste, shredding, acration, tutning or screening, dependent on the activities carried out a1 the
moment of measurement. For detailed metheds, see Chapler 2.2.2,

Sampling: on the basis of the temperature

Table 23:  Age of the composis sampled {duyt]. measurements, compost was sampled from

each box in a "eold” (40-50°C) and a "hot" {60-
indication sarly spring 70°C) spor. Samples were zlso taken from the
young Ly 4 § unshredded biowaste, and, if obtainablz, from
imermedime 19 13 16

the screencd compost in stoek. Table 23 indi-
cales the exact age of each compost sample, as
composts of exactly the same age were not

malurs 26 24 20
screened unknown 28 42

available each time, For detailed metheds see
Chapter 2.2.3

Microbial analyses: Aspergiflus fumigetus, thermotolerant molds and yeasts; heteroirophic
mesophilic and thermophilic bacteria; coliforms (on VRB-Agar), E. coli {for sampling in fall and
early spring). For detailed methods, see Chapter 2.2.4,

Physicochemical analyses: pH, dry weight. For detailed methods, see Chapier 2.2.5,
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3223 RESULTS
3.2.2.3A First examination {September 1994}

Physico-chemical measurements in-sita
Temperature and gas measurements were camied oul at the points depicizd in Figure 52.

6 DAYS OLD COMPOST

Table 24:  Temiperature measurements in varions deplhs in 6 day old composl. Measuring points see Figure 52.

ing point
depih 1 2 3 4 H tmean
$0 cm 36 64 €5 61 27 50.9+18.0
Mem 50 70 7o kL] 1] 58.0 + 181
560 cm 39 [:12] 62 71 as 553 170
100 cm 36 70 57 BE 28 51.6+18.2
mean 402 +66 68226 E39+57 67859 0.6 +3.4

I the 6 days old compost, the lemperature distribalion was vecy heterogeneous (Table 24). The
points in the middle of the box (points 2-4) showed mean 1emperatures > 64°, while 1he oncs lo-
wards the two ends of the box, either on the side where the air entered (point 1), or where the door
was (point 5), measured only berween 30°C and 40°C. This inhomogeneily could have been either
caused by cooling of the compost due to the aeration on the one side, and conduction on the other
side (see Chapter §.6.2), or by an inadequate mixing of the starting material {mixture of kitchen
wasle with shiedded brush), the maieriat being filled into the box from one cnd to the other, and not
in horizomal layers. The temperaures diffcrences in the vertical direction were less importani: be-
tween the hot center (30 and 80 cm depth) and the cooler surface (due 1o conduction and condensa-
tion) and bottom (due 1o evapornive cooling) up 1o 13°C were measurced.

The gas measurements also indicated that the composting process progressed dillcrently in \he dif-
Ferent parts of the box {resulis not shown) in the compost in the cold zone {point 3), lhe O, and CO;
contcnt were clase 1o thm of the ambicnt air (19.3-19.6 % and 0.5-0.6 %, respectively), Microbial
activity was not completely absent, though, as showed the ammaoniac {18 ppm NHa) measured in 10
and 50 em depih. This means that acration was largely sufficient to seplace the oxygeo consumed. In
the hot center zone (point 2), much gremer microbial activity was detecied: already in 10 em depih,
the O, contem was reduced to 10.5 %, and tn - 50 cm it was down o 1.1 %, while \he CO; mounted
to 11 %. Methane was present in conccatzations of up to 3.6 % in 50 em depth, hinting a1 anaerobic
canditions. Gas measuremenis before and afier ihe acration event showed an increase of 1he oxygen
contet from 2 % 10 only 11.5 %, insufficient for a comcel oxygenation. NHiy was only detected in
very small quantities (1.5 ppm), the bigh wmperatares peobably inhibiting pratein degradation.
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19 DAYS OLD COMPOST

Table 25 Temperature measurements in various depths in 40 days old compost, Measuring points sez Figure 52,

measuring point
depth 1 2 ) 4 5 mean
10 cm 58 68 55 54 42 549x886
30 em 63 B3 58 5 44 58.4x98
06 em 55 58 652 B8 44 88270
N} em S5 49 60 43 44 5.3+7.5
mean 8.0+ 31 91715 61.3+£55 522+64 433209

The temperature distribution was much more homogenous (maximum difference of 17°C between
the sampling paints) than in the 6 days old compost. Tempetatures were generally lower {Table 25).
Apgain, the coldest zones were observed towards that end of the box with the metal door (point 5). In
the vertica! direction, the same terperzture distribution was observed as in the young compost: &
cooler surface and botror, and a hot center.

Gas concentrations {resulls not shown) in the cold zone (point 3) on the other hand were very simi-
lar 1o the ones measured in the & days old compost The hot zone showed very low microbial activity
{19.3-19.4 % O4, 1.4-1.5 %o COs). This was most probably due to the very low water content (26-33
%, see Table 28). For an optimal composting process, the water conent should be between 40-
60 %, below 30 %, the microorganisms become severely inhibited (see Chapter 1.6.4).

A second reason for the weak mictobial activity could also be an extensive degradation of the or-
panic matter. However, the measurements ia the coarsely screned compost showed that the micro-
organisms continued to degrade the organic matter as soon as the humidity was re-established, due
1o natural wetling by storage in the open (sec following paragraph}.

MATURE COMPOST, COARSELY SCAEENED, STOAAGE IN THE OFEN

Tabiz 24: Temperoture ond par measurements in
various depths in Ihe coorsely screemed composi.
nd = nol determined,

The high tercperatures together with the low
oxygen and high carbon dioxide concemtrations
indicate that the screened compost (Table 26)

depth Co, | CH, | HiS | NH; [ remp. was not yet stabilized, in fact, the shart com-
[em] [ivol®] | Lvol®] | [vol%] § {ppm] | [ppeml | 1°C1 posting time {4-5 weeks) did not allow pro-
{99 4{nd |270} O nd | 45.7 ducing a mature compost. Due to the fins
56 | 0.3 1 26 | 485 | 24 4 | 682 structure of the screened material, natural aera-
00| nd | nd [ nd nd | 84.0 tion of the heap was insufficient, demonstrated

by the presence of high conceatrations of

mcthane and hydrogen sulfide in the inner pans
of the heap. It has to be considered, though, that gas concentrations measured at one poind do not
necessarily indicaie a gas production at exactly that location: the methane, for example, measured in
50 cm depth, could not have been produced there, because high temperatures (>60°C) would have
inhibiled the activity of methanogens. However, it had most probably been produced deeper in the
heap, where the 1emperature {54°C) was optimal for methanogenesis. Due (o its mobility, methane
can easily migeate through the compost mass. Hydrogen sulfide, being less volatile, would aseunmu-
Jaie at the site of production. On the other hand, as if can serve a5 subsirate for sulfate enidizers, 1t
might not be detected. :
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MATURE COMPOST, FINELY SCREENED, STORAGE UNDER ROOF

Table 27: Temperature and gas measurememy at
various demihs [n finely screened campost. nd = not de-
termined.

depth| 0: | co;.| cH, | WS | NH, | temp.
[cm] | [vol%] | [vo1%e] | [ve1%1] Eppm] | ippm] | (*C]

10 4.1 nd 7 B nd | 40.4
50 0.2 nd 14 12 nd | 46.1
160 nd nd nd nd nd nd

The finely screened compost {Table 27) had
only 8 weak microbial activity, shown by the
only slightly elevated temperatures. Never-
theless, the conditions were practically anaero-
bic in the lower parts of the heap, although the
heap was not very high (about 70 ¢cm). The
very fine swucture and the siorage under roof,
against a wall, prevenied any air exchanpe,
leading 1o an accumulation of methane and
hydragen sulfide.

Physico-chemical measurements in the compost samples

Toble 28:  Physico-ckemical  characterization  and
temperatires al Be moment af compast sampfing.

no sample depth | temp | H,O pH
[em] | 1°C) | |%]

1 | fresh biowasie - 25 | 649 | 588
2 | f6days "cold" ¢ 28 | 572 | 763
) &0 35 | 472 ]| a.02
4 | 6days “hat" 10 64 | 512 | 8.26
5 &0 63 | 59.3 | 6.26
§ |40days “cold" 10 44 | 327 | B.79
7 60 40 | 264 | B.B3
8 |40days "hot* 10 64 | 302 | B.28
9 60 BB | 285 | B.41
10 | mature, conrsely 10 45 | #1.2 | Bo2
11 |screened 60 64 | 36.6 | B.B3
12 |mature, finsly 10 40 | 358 | B33
13 | screencd 60 46 | 38.2 | 856

Table 28 presents a physical and chemical de-
scription of the composts cxamined, as well as
the exact points where the samples werc taken.
The water content of initially about 65 % de-
creased in the course of the composting process
down to about 23 %. The strong drying of the
compost was due (o the aeration, and the only
sporadic watering of the material. The influ-
ence of a morc important heat production with
drying effect, due to an enhanced microbial
activity, ean be observed: (he samples taken in
the “hot”" zones were generally dryer than those
taken in the cold zones were. The material in
the center of the heap was clearly dricr than the
one on the surface, whene condensation of the
cvaporated water happened. The screened com-
post got rehydrated to a waler content of about
40 %, again permissive for microbial activity.

The pH of the fresh material was, as expected, quite low (about pH 6), and rose with increasing
compost maturation. The delay in pH elevation of \he hot compost sample taken at 60 cm depih

confirms that anoxic conditions prevailed there.
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Microbiological analyses

IN THE COMPOST

Figure 53 presents the concentration of AF and total thermotolerant molds and veasts.

| i
1 !

T3 Aspergilius fumigalus
Thermpicterant molds and yeast

chu/gDW

& 7 B 9
sample number

Figure 53; Concentration of thermotolerant mold and yeast in compogis of differeat maurity and at differen1 1em-
peratures. * = value belove the detection limit of 5-10 cfulg fresh compost.

I = fresh Bowaste,
2-5 = comporf [ week, (2 = surface, cold: 3 = surfuce, hol: 4 = center, eold; 5 = center, hot)
6-9 = composf 6 weeks (6 = surface, cold; 7 = surface, hot; 8 = center, coid; 9 = center, hot)
10-11 = coarsely screened, (1G = urface, 11 = cenier)
12.13 = finely screened, (12 = sudface; 13 = center)

Deiailed deseription of the ramples sae Table 28.

The fresh material (sarple 1) contained ahout 10° cfu AF, comparable 10 values that were normally
measured in biodegradable waste. The number of other fungi was about enc order of magnitude
higher, mainly due to the presence of yeasts, which found in the first acid phase of 1\he compesting
process ideal growth conditions.

The hygienizating effect of raising temperatures could be seen in the | week old composi: in the
samples 2 and 3, which had been 1aken ai points that had not been heated yet, clearly more AF was
detcctable than the samples 4 and 3, which had béen exposed 1o temperatures exceeding 60°C. AF
concentrations at the surface where always higher, although temperatures were uot very different
{rom the ones in the center. 11 seems 1hat other factors, such as high concentrations of gases, humid-
ity, or other, for the fungi oxic substances in the depth of the composting mass lead to a inhibition
of fungal development.

The 6 weeks old compost showed gencrally lower fungal numbers than 1he young compost. More
AF were measured in the samples that were warmer (38-64°C), but also more humid than in the
ones with a very Jow water coment (26-32 %). The activily of AF, being among the fungi one of the
least resistant (o low a, values, was severcly inhibited. Other thermotolerant species seemed to be
less sensilive 10 low waler content.
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In the coatsely screened compost, where temperatures had increased again, due to rehydration to
more than 35 % H;0, only low AF concentrations were detected. The finely screened compost sup-
ported only a weak recolonization of AF, the quite low temperatures favoring abviously the devel-
opment of other fungi better adapted ta degrade the more recalcitrant snbstances, such as lignin and
cellnlose.

8 — The thermophilic flora (Figure 34) was pres-
enl in high concentrations already in the fresh
material. In the lirst week of composting, the
number of thermophites increased by more

Z 384

) than a factor 14}, the mean concentration of all
E the four samples being 7.2 10° MPN/gDW. In
07 the 6 week old compost, concentrations were
= slightly tower (6.3-10%), most probably due to

a reduced activity in the very dry material,
causing a gencral reduction of temperatures.
In the screened compost, (urther veduction of
thermophiles  was  observed, (coarsely
screened: 9.3-107, finely screened: 4.2-107),
Figure 54: Coneevtration of thermophilic bacterin {in-  an increase in temperalure > 60°C, a3 eg.
cubation ar 60°C in Nmrienr Yeast Broth, Sauples are the measured in the center of the coarsely
same as in Figure 33. Detniled descripion of the samples screened compost, leading to a renewed in-

Table 28 .
see logie crease of thermophile numbers.

1l I

12 3 4567 8 910111213
sample number

N THE AIR

The results of the bioacrosol measurements are shown in Figure 55. The background concenration
of cither AF or 10tal themotolerant fungi an and arqund the site was practically zero, and corre-
sponds to the levels measured narmally far away from composting installations. The towal fungal
count was slightly higher on the eastem border of the place, due to the light wind (0.1-0.3 mvs)
blowing {rom the west, carrying some spores away from the composts. 1t has © be mentioned,
thaugh, thar the air a1 the mament of the aerosol measurements was quitc humid, and thay it raincd
sonetimes slightly, This could have resulted in a washout of spores (STETZENBACH et al., 1992).

By shredding, the spore counts in the air got slightly raised 2 m away from the shredder, but already
in 20 m distance, concentrations where in the range of the backgreund concentration. In comparison
with other composting sites, where lzvels up to 6-10* cfu/m® ait had been measured during shred-
ding, the concentrations were very low, probably due to the immediale processing of the delivered
waste. We had observed in biowaste put on heaps fo1 a few days before shredding already a stiong
scl{-heating, leading, especially at the surface of the heap, to a strong proliferation of molds (BEFFA
et al., 1994),

In the boxes, in 50 cm aver the compost surface {ihe azrosol sampler was held vertically towards the
campost surface), hundred fold higher concentrations were measured than putside the boxes, Tnter-
estingly, concentrations were lower during the periods when the compost was aerated, the spores
being probably diluted in the passing airstream. When the aeration siapped, sedimentation of the
fungal propapules, which were hold back by the walls ard the roof of the installation, lead 1o again
higher spore loads.
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background concentration In the boi, 50 ¢th above tha compoes! surface
no. pling point AF | TTM no, |sampling polnt . AF |TT™M
1| middle of the sile 6 10 8 |1 week old compost, wilhoul asration. €5 75
2 |south 4 20 9 | dilto, with aeralion 50 75
3 |wem 0 4 30 | 3 wecks compast, withou) acration T20 | 770
4 |north 1] q 11 | dilto, with aeration 160 260
5 |east 0 95 12 | & weeks old, compost wilhoul aeration 90 10
13 | dilto, with acration 40 95
during shredding during turning of 40 days old compest
no. | sampling poini AF |TTM no. pling paint AF |TTM
6 |2 m [ram the shredder 470 | 590 14 | | m fram the vurrer 350 | s90
7 |20 m Gom the shradder 20 25 15 | 5 m from the tumer g0 220
(6| 8 m from the tumen 25 40
Fignre 55 Concentration af Agperpitics fumipatas (AF) and total thermotolerant molds and yeasts (TTM) in the air

during various activities on the composiing site. Circled numbers indicate the sampling tocations, The resalis are ex-
pressed as cfwm’ air,

The highest concenirations were emifted from the 3 weeks old compost. As shown by 1he physico-
chemical measurements, the | week old compost was in large paris not yet very hot, promating thus
little development of thermophilic molds. In the 3 weeks old composs, temperatures were ideal for
the massive proliferation of AF. The fungal flora at this moment was composed fo more than 30 %
of AF. The 6 weeks old compost showed, due to the drying, in general a weak microbial activity,
resuliing in a low dispersion.

During turning of the 6 weeks old compaost, AF concentralions in the immediate vicinity of the
turner where about one order of magnitude higher than duoring acration, 10 drop to background tevel
when measurements were camried onf a1 the other end of the box. Taking into account thai at certain
locations in the compost, vp to 710° cfwgDW AF had been measured (see Figure 53), these con-
cenlralions were extremely low, compared 1o urning of open-air windrows (ses Figures 40 nnd 41).
The turning of the compost by the spiral, where the compost got geatly mixed vertically without
being displaced, generated very low spore and dusi emissioos.
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Qun the bases of the results of this first examination, the following weak points of the installation

were pointed out, and improvements suggested:

# The very inhomogeneous (emperature distribution, leading 1o an imregular composiing process
and thermohygienization, could be prevented if the initial material was either better mixed, or
filled into the boxes in layets, the mixing being then achieved by the vertical movement of the
turmer,

# Taking into account the very inhomogeneous temperature distsibution, the problem arose of
choosing the points where the temperatures for the acration contral were measured. If a poin1 was
chosen that was 100 het, the compost was aerated too strongly, leading to a fucther cooling of 1he
zones that had niot heated yet. On the other hand, if at the poini of lemperature conirol, tempesa-
tures were low, not enough air was supplied to the zones with & great microbial activity, leading
(0 anaercbic conditions, with the resulting odor problems,

» LETON & STENTIFORD {1990) criticized the use of only one temperature probe to monitor and
centiol an entire compost pile, consisting of many distinct and varied temperature zones, They
proposed a system wilh several thermocouples for temperature control, however, they neither
stated where these should be placed, or what algorithm should compute a mean temperature, As
the compasling sysiem has two temperature sensors per box, a fest could be carried oul to deter-
mine if 8 more homogenous temperature distribution in the box would be achieved if the {arith-
metic) mean of the two temperatures was used as control for the aeration systemn. Also, an auto-
matic temperature registralion system would allow a better follow-up of temperatare eveolution,
and a more rapid intervention (variation of the aeration cycle, the control temperature for acration
in intervals or continuous, turning and water addition) in the case of prablems.

» One problem was also the strong drying of the compost, due to the aeration, as noticed in the
6 weeks old compost. Regular watering at each tuming, o1 even at additional turnings, would re-
place the humidity lost be evaporative cooling, The rotting time in the boxes being already quite
short {due 10 larger amounts of green waste deliverad (o the installation than initially planned),
any disturbance of the process {inhomogeneity of the material, lack of waler, inadequate acration)
should be avoided.

» If the compost has to be removed from the boxes in an unmature stage, il would be preferable not
the screen it for storage, in order to allow natral acration to happen. The windrows should not
be higher than 1.3 m, and a minimal distance shovld be left between the individual rows.

3.2,2.38 Seasonal influance of the sterting material

The input material, as we!l by ils composition as by its structure, can vary widely during the differ-
ent seasons. HELM (1995) analyzed the biowaste (source separated biodegradable household waste,
consisting of kitchen waste, bul also the in private gardens arising grass and brush cultings) and the
structure material (tree and brush cuttings from horticuiturists and communitics) in different seasons
{summer, autbmn, early spring) delivered fo a composting installation in Germany. Although the
moisture contenl of the biowaste did not vary much (around 65 %) in the different seasons, its or-
ganic mater content increased from 62 % (of DW) in the summer (o 78 % in the early spring male-
rial, which contained also she highest amount of aitrogen (2 %), due (o the high amount of kitchen
wasle. The structure material, on the other hand, had the highest water content in antumn (63 %),
and the lowest in summer (32 %), the organic matter content being in all scasons abowt the same
(59-63 %).

During the different seasons, the percentage of biowaste and structure material in the sonrce sepa-
rated houschold waste varies, 100, FRICKE (1988), alse in 2 German swdy, measured up to 80 %
garden waste during the momhs May to December, while from January to Macch, the biowaste con-
sisted almost exclusively of kitchen waste,
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For an optimal composting protess, siructure material and biowaste have to be combined, in order
to obtain a substrate that contains enough nuirients and humidity, bul al the same time preserves its
structure: tree and brush cuttings without leaves that accumulate in winler can be stored, lo be
mixed with the oflen very wet and compact material {g1ass cutlings) incurring in summer.

Physico-chemical measuremenis

TEMPERATURE

To conirol the homogeneity of the material within one box, temperature prefiles were carried out
over the whole area in 5-10 points. Figure 54 shows the mean valoes and the standard deviation

(o™,

[measurfngdepih: —J310cm EEE 50cm [ 100cm EEEE 150 ¢m

o summer Ial aarly spring

60

70

60 T T

50 1~ QL T

temperature [°C)

40 -

30 -

20 -

1.2 2.3 34 4.5 01 1-2 34 01
campast age |weeks]

Figure 56! Mean volues and stundard deviations (o) af temperature measierements ar 3. 10 pointsi/bor.

The measurements showed again, as observed doring the first examination, greatly varying tem-
peratures between the different measoring points, the standard deviation being often > 10°C, the
temperature differences amouniing up to 40°C. In general, a cooling was noticed at the bollom,
where the air was intreduced. Due to the simultaneous drying, microbial activily became restricted,
leading 10 & further tempevature decline.

Astonishingly, the lowest temperatures were measured in summer, probzbly linked 1o the very in-
tensive aeration (0.3-2 minutes aeralion, 2 minutes paase), cooling the wet slarling material (grass
cuitings in large amounis, io which sewage sindge had heen added as well, see Table 22), This lead
in the lower paris 1o a strong drying (sce Table 293, resulting in very low temmperatares, which, e.g.
in the 3-4 weeks old material, did not cxceed 40°C.

The highest iemperatures were measurable in the fall compost. This material seemed, as well by its
structure as by its nutrieni content, 1o support ideal conditions for micrabial activity, even if no sew-
age sludge had been added. The long pause between the aeration phases {15 minutes) probably pre-
vented a too strong cooling. The fall material (abave all dead leaves) presented also the most ho-
mogenous starting mailerial, the standard deviations being very small.
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Thanks to the sddition of sewage sludge to the early spring maierial, consisting mainly of wood,
quite high temperatures could be maintained: up o a depth 1 m, > 55°C were measured in the fresh
and the intermediate compost. Only the mature compost showed, a( the botlom, a strong cooling due
1o the introduction of cold air.

WATER CONTENT

Table 29 presents the water content (in %) of the composts at different seasons.

Table 29;  Water contear of thy blowane {withour
addision af senage stndge), of the compast ar different
rrIgEs [niean virtive of the fwa samples 1aken) and of the
seveened conpost

As the composition of the muterial 1et assume,
the summer material (prior to addition of scw-
age sludge) had the highest water content, the
early spring material the lowes!. During the

age [weeks) | sommer fatl early spring roliing process, the composts lost water con-
frush A g8 58 tinuously, The screcned compos! had varying
0-1 - 67 43 moistere contents. [t should be considercd
1-2 55 52 - though that the storage time was not the same.

2.3 51 - 48 In auterna, the composts got watered already at
34 43 46 - the first torning (afier 1-3 days), In this way, a
4-5 32 - 45 too strong drying, as observed in the early
sereened 32 44 48 spring, but also in the initially very humid
sammer material, conld be avorded. During the
cold yeason, (he air used for ventilation is very
dry, being thus able to fake up great amounts of

water during its passage throngh the compost

GASES

The correlation belween oxygen concentration and temperature is depicted im Figure 57: one can
distmgaish (hree gronps of dista sets: a1 an oxypen concentration above 13 %, temperatores ranged
fram 20 0 75°C, the points at the lower end of the temperatme scale having the highest oxygen
conceniration.

- 21 . s At locations where oxygen concentrations be-
* 15 4 ‘ ""': > }". "o" tween 10-15 % wcre measured, temperatures
g at otde laid berween 40°C and 82°C, with no clear ten-
g 151 e gt dency. Tn a few points with very low oxygen
® 12 4 PN L cantemt (0-5 %), lcmperatuces were comprised
*E 9 e between $5°C and 80°C. With increasing oxy-
g 4l gen, temperatures increased, 100.

g The distribution of the temperature/oxygen con-
g 3] Lo 't * cenlration data resembles the elliptical paitem

] ——————————

10 20 30 40 S0 60 TO 80 90
temparature [*C
Figitre 57: Correlalion between canperature mnd axy-

gen concentration meatured in ofl composts exainined
(different ages and different seasons).

described by MILLER er af. (1989), who meas-
ured temperature and oxygen conceEntrations in
naturally aeraled mushroom compost phase |
stacks. In conbiary o those tnvented composts,
the data presented in Figure 57 are characierized
by the almost complcte absence of points with
very [ow Oxygen conient, meaning that in most

of the locations, oxygen supply was equal or superior to the oxygen consumption of the microflora.
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On the other hand, the large number of points with low temperatures but sufficiznt oxygen implies
an over-aeration, preventing 2 temperature increase. The almost total absence of anaerobic zones
was also shown by the only very occasional detection of methane or H;S. In consequence, no bad
odors were ever noticed at this installation.

Microbiological analyses

IN THE COMPOST

Figute 58A presents the fungal concentrations measured in the different compost samples.

Aspergilius fumigatus
8 — A
I lal!
S mm T early spring
ni
4
-
-3
2 "
11 S
3 5
coliforms

log chughwy

k] 5
aample rumber

Figure 58: Aspergillus fumigatns (A), and coliforms detecied on VRB-agar (B) in composts of different maturity and
seasonal provenience, 1 = fresh blowaste

23  =young camposi, (2 = hoi; 3 = colid)
4-5 = intermediate compost, {4 = hor; 5 = cold)
67 = matwre compost {6 = hot; 7 = cold)

8 = peveened compost

For description of the compost samples, sec Tabler 23. Colitmns with an * indicate values below the decection limis
{10 cfu/gDW},
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It is clearly visible how the AF numbers, initialiy present in the biowaste in concentrations up to
10" cfu/gDW in the summer and fall material, got drastically reduced in the first phase of the com-
pasting process. This decrease was usually more proncunced in the samples that had been taken in
the hot spots. In the course of the composting process, concentrations got further reduced, except in
the early spring material, where in the "cold” samples even an increase in AF numbers was ob-
served, leading in the screened compost 10 higher concemrations (10° cfu/gDW) than in the fresh
material (107 cfu/gDW). 1t seems that the breakdown of the mostly lignsous material during the
composting process promoted fonpal colonization. But also in the screened material of the sumrmer
and fall composts, a clear recolonization was observed,

Na explication could be found why in the fall compost, where the highest temperatuces were meas-
ured and the matetial showed the greatest hamogeneity, the main reduction of AF numbers occurred
only in the malurc compost {samples no. & and 7}.

The coliform conient of the same compost samples is depieted in Figure S8B. The starting material,
especially in susmmer and early spring, when it confained sewage sludge and kitchen waste, showed
high initial coliferm concentrations. Generally, the coliforms reacted to compost temperature in the
same manncr s AF, e. g. their numbers got quickly reduced in the "hot” samples. A stiong recoleni-
zalion was already observed in the "cold" sample of the malure compost,

In general, about 10 1imes more coliforms than fungi were present. It has to be considered, though,
that colony forming units of bacteria and molds can not really be compared directly: the first repre-
sent one bacterial individual (unitary way of life), while many mold celonies can grow out of the
spores or parts of the mycelium (normally the tip of each branch} of the same individual (modular
way of life). For cxample, pet conidial head, about 10* spores are produced (GIRARDIN, 1993), Fur-
thermore, spores and mycelium do not show the same thermoresistance or requests conceming
growth or genmination {see Chapters 1.8.1.2A and 3.1.4}. However, the quantitative enumeration of
molds by counting cfu's can give an appreciation about 1he activity of the fungi, and is, in the con-
text of composting, where microscopical analyses are very diffienlt, the only practical way of de-
termining, the presence of molds.

IN THE AIR

Because of organizational and meteocological reasons, it was not possible te carry out the same bio-
acrosol measurerments al each sampling date. The resolis given in Table 31 are the geometric mean
of at least 3 measunements.

The hiraerosol measurements showed increased mold concentrations during dumping of the
biwwasie from the collector truck, during tumning of the compost in the immediate vicinity (in the
box) to 1he tumning spiral, and during sceeening. The higher mold concentrations in the fall material
were reflected in 1he raised concentrations in the air during various activitics on the site. The mold
concentration was about 100 times higher in the middle of the place than at the perimeter, and in
200-1000 m, alsa downwind from the site, about the same as in normal ambient air,

Tabie 30.  Concaniration of AF (cfutni’ air) ai differ- Table 30 presents the pollution of the air at
ent working placer. different working places. The only working
werking place Aol mir place that showed at times very high moeld con-
office Surnmer 25 centrations was the sorting station for the man-
cobinof froncend 7o 230 ual removal of contaminants from the screen
loader, dunn_g scwfn':ﬂs reject, especially when measurements were
sorting band: upwind fall 670 carried out downwind.
downwind o {TTM > 24'000}
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Table 31:  Concertration of AF {cfil’ air) during different activisies, and in varions distances to the emission PO,
during composting ef material of different seasonal provenience. = = Agnr plates cumpletely avergrown, AF not

ble; TTM = the leram molds 1otal: » = rot measured.
activity dislance all eacly sprinp
dumping, biowasie Tm 1600-v= (TTM > 3.3.10% . 360
shredding im 460 -
Im 45 -
5m 25 .
aeration composi I'm 10 o (FTM > 8000}
0-2 weeks
aeration compost tm 240 3200-ca (FTM > 6000}
2-4 weeks
WTNing €OMpos! lm 80 5700 -
0-2 weeks Sm . 1200-ea [FTM > 2.4.10% -
1urning compost I'm <100 -
2-4 weeks 2m 20 -
sereening I'm v (TTM » 3.3-10% ee [TTM > 3,3.10% .
: S5m 1300 1300 -
30m 600 . -
background {only middle 93 15 40
acralion) perimeter 3-18 - . 8-20
200 m, N 2 . 3
500m, S 2 - <1

3.2.2.3C Assessment of the perfermance of the compaosting system

The conclusions drawn from the analysis of the reswits of the second series of examinations were
confirming the ones obtained aler whe first check of the installation:

» The temperature distribotion in the boxes was very heterogencous, most probably the result of an
inadequate mixing of the initial waste components. Because the tuming brings about mostly a
vertical mixing of the material, this should be filled in layers into the boxes, 30 that the differem
wastes get distributed regularly over the whole zrea of the box.

» There is a risk that the aeration dries the compost, above all in the Jower layers, intermupting the
microbial degradation activity. This could be aveided by carly and regular watering at ¢ach turn-
ing. A higher tuming frequency (at least twice/week), especially &t the beginning of the com-
posting process, where aeration has to be strongest, would allow to better control the water con-
tent, and lo get a more homogeneous water distribution in the compost.

« The sctting of the acration eycle (duration of the acrarion and of the pause belween two asration
phases) seemed 1o be putely empirical. Our punctual measurements did not allow making a final
staterment which of the diffetent cycles were best suited. No agreement abowt this subject was
also found in literature {see Chapter 1.6.3 about recommend cycles of aeration). More detailed
measurements over a longer period of time would be necessary to determine the oxygen need of
the degrading microorganisms, and should ke into account such factors as age and the compo-
sition of the compost, temperature and humidity. Gas kinetic measurements (speed of oxygen
consumption afier an aeration cycle) would allow snsweting that kind of questions.
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= The sampling at different seasons showed varying results, as well as physico-chemical as micro-
biotagical. Hawever, it could not be clearly determined if this was the result of the differing
composition of the waste, or of the simultuneons change of other compasting parameters (aeru-
tion cycles, addilion of sewage sludge). To be able 1o make a clear stacement about the influence
af the slarting materin). one should be able to compare composts that are prepared under Stan-
dardized conditions. These standard conditions were not available, taking into account that the
compasting instullation investigated was in operation anly since a short time. As it was not yel
extended at (he moment of the measurements, the composting lime had to be shortened strongly
in consequence, in order to be able to process all the accumulating maverial.

= Generally, a good comelation hetween the 1emperatwes mecasured in 1he compost and the con-
centration of polentially pathogenic microorganisms was observed: the hotter the compast, the
better the hygienization. Only 1he fall samples showed, in spite of high 1emperatures, guite high
mold and coliform concentrations. Other factors (humidily, oxygen content) might have inflo-
enced the theemoresistance of those microorganisms.

s As seen in other composting insiallations, a clear correlalion existed between fungal numbers in
compast and thase acrosolized during twming and screening.

» The composling thme was very short {maximum 5 weeks), resulling on the one hand from the
large quanlities of green waste (hat had to be treated al dmes, on the other hand from the big de-
mand for compost. As Lhe screencd compost was never stocked more than a few days on the site,
but got pul on the ficlds immediately, this short composting lime should not give rise to prob-
lemns, However, jt should be tested if such fresh material is no! phytotoxic. With the exiension of
the installation, the composiing tme can be prolonged 1o produce more malure composts, which
might be sold at a slightly higher price.

* The addition of sewage sludge has proved to be very effective in wintertime, when mainly woody
difficult to degrade materials have 1o be composted. It would have to be controlled, however, if
correct thermohygicnization conditions can always be attained. In summer, when the biowasic is
already very nutrient rich, and, morsover, very humid, the addition of sewage sladge is not ad-
vised, otherwisc the initial mixture gels loo wel and compact.

+ The bicacrosol measurements 21 the working places showed jncreased mold concentrations dur-
ing the manua) sorting of forcign objects in the screen reject. During this work, a facemask
shonld be warn, ar the working place should be stationed in 2 manner that the wind comes from
behind, and canies the dust away from the person working.

3.2.2.3D Current state of management

Al the moment of the redaction of the thesis (snmmer 1998), the installation was extended 10
10 boxes. This resulied in & prolongation of the rotling time in the boxes from formerly 4-6 weeks
1o 8 weeks. However, the mming frequency go1 reduced (every 7-10 days), because no additional
turning device had been installed. The amount of wasle treated per year is momentarily 4000 t, with
still ristug tendencies. Due to the better be utilization of the capacitics, the amortization of the in-
stallation, and the low maintenance cosis, tipping fees per ton waste delivered 10 the site could be
jowered from initially CHF 150.- 10 CHF 100.-. The compost containing sewage sludge is delivered
fos free 1o the Farmers, compost without sludge is sold for CHE 10.-#t (coarsely screened quality),
and for CHF 20.- {finely screened guality).
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3.2,3 TRENCH COMPOSTING

3.2.3.1 DESCRIPTION OF THE INSTALLATION

The composting installation KEWU, situaied at Krauchthal (BE), treals garden, park and kitchen
waste of about 100000 inhabitants from 13 communities, total about 12000 tons annually. The
composting process takes place in aprated trenches. Each of the 1] renches {66 x 2 x 2 m) can hold
approx. 250 m® compost. The separaiely collected biowaste gets tipped, as a function of their com-
pasition (kilchen waste, grass clippings; leaves, long grass, garden waste; structure material), inte
differens bunkers. The processing of easily degradable substrates happens within 24 h,

Ferrous foreign objects are sorted out automatically of the coarse shredded material bafore (wo for-
ther passes through fine shredders (tree and shrub cntlings: < 20 mm; kitchen waste, leaves, grass:
50-75 mm). The material preprocessed in such a way is stocked in separated bunkers, one for green
waste, and one for structure material. From there, the materials get mixed, waiered (final water
content: 60 %) and filled into the trenches. Abow 14 m? (equals about 4 cons of material) can be
added per irench per day. Normally, chatgings and wmings are carried out every workday (Monday
to Friday).

Aeration pipes are laid in the trench floers in a stone bed, over which woods chips are filled. Each
trench is divided in five zones (A = fresh material to E = mature compost) that are aeraied sepa-
rately, The acration takes place either in pre-determined lime cycles, or can be temperalure con-
trolled by temperature sensors, which ane placed at mid-height in the trench wall, in the middle of
each zone. The volume of air fad to each zone amounts to 22.5 m*/min by continuos aeration, corre-
sponding to 54 maﬂl-l;m weight: ASSUMING a mean amount of 50 m compost/zone, and a density of
the matecial of 0.5 Vm’,

1 Scala

2 Reception of mate-
favsorting/shredding

3 Imbermediate storagse
of shredded matenial

4 Mixing

5 Rotling hall
€ Screening
7
)

Storaga (rocfed}

Oflica / cantral com-
puter

8 Biofittar

Figure 59: Schemalic plan of the installation of Krauchthal {KEWU).
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The torning of the compost happens with a special wming machine, which runs on rails en 1op of
the trench walls. Turning starts with the matarcst campost (zone E). By moving forward, (he tumer
takes the material up, mixes and loosens it, and discharges it behind the machine. With cach pas-
sage, the compast is displaced by 3.6 m. The oldest material is directly churged on conveyer belts
and moved 1o the screener. During tming, approximately 700 Iiers of water are added (o 1he conter
zones (B, C and D). In zone E, a slight dry off is desired, in order to facilitale screening, The pas-
sage of the compost through the rotting hall ameuvnts o 30 days if new material is charged every
workday. The final product is screened 1o 20 mm and stocked under rocf in a big heap. The compost
is mainly used in agriculiure.

3.2.3.2 EXPERIMENTS CARRIED DUT

The abjeclive of the examinalion of the installation carried out during November 1996 (winier ma-
1erial) wag to obtain firsl data aboul the quality of the composting process and of the end prodiet,
The microbioclogical and physico-chemical analyses should allow a judgment af the process, and
serve as base in view of fulure improvements. A second, identical examination was carried in early
June 1997 (summer material), (o compare the performance of the instaliation with different siarting
materials,

Measuremenis in the roiling Liall were carried out in winter in trench 11, in summer in trench |,

Physico-chemical measurements {lemperature, Gy, CO», H,S, CH,; Tor detailed imethods, sec Chap-
ler 2.2.1) were camed omt in zone A (fresh compost, approx. 1 week old), zone C (inermediate
eompost, approx. 2 weeks old), and zone E (mature compost, approx. 4 weeks old, Figure 59), in
five different prints (Figure 60), at a depth of 20, 50 and 100 cm. In the winler eaterial, measure-
ments al peints 2 and 3 were repeated afier tuming of the campost. 1n the suminer material, the
measurements were only earried out in point 3. The starting material after shredding, 1he compost
stored under roof and the biofilter matenial were also analyzed

3.9m

15.6m
Siom :
é 1Irn @ 2m

Figure 60. Measuring and sampling potns in sue gone. The dotied fine indticerizs Wie bonndaries of one butch of mate-
viad.

During an additional examination in late June 1997, iemperature gradients in the trench were deter-
mined by carrying out verlical measurements every 20 cm up lo & depth of 90 cin, and Ibereafter
every 10cm. Such profiles were dune every 20 cm, ovet the whele width of the trench. 1sotlierms
were drawn as described in Chupter 2.2.1.1.

152



Results and Discussion

Fiel studies - Tranch composiing

Table 12:  Sampling points. Sampling of compost was done in the zones A,
C and E, in poim 3 (sce Figure 60), before and
o [ ekl [ g | o [0 Dk [ g | e ming (Table 32). The tuming machine
1 fresh _ o LYTS imixed was stopped approx. 20 cm before the sam-
2 1A 0 i 4/E P pling point, and backed up approx. 1 m, thus
3 1A 0 In 4/E 50 exposing a cross-section from which samples
4 17A 100 12 4/B 100 could be gathered horizoma]]y in 20 cm dEp[h,
g LIA mixed |13 4/E mixed in 20, 50 and 100 ¢m from the top (Figure 61),
P 2iC 20 |14] soge 20 As lhe compost was moved during mming, the
7 21iC 50 | 15] storage B0 sample after turning (mixed sample) was taken
[} 2 100 16 Biofilier " 3.6 .m behind the pﬂil’lt where the ather samples
had been taken.
Sampling in the stored materiat was done in 20
and 100 cm depth, with the aid of a compost
auger. For detailed methods, see Chapter 2.2.3.
lsarnpllng palnl
¥ 20¢cm
::;r:r::g st compost S0em
Ente e im
tuining sampling

Figrre 61: Procedure for satmpling, and sampling points.

The stage of maturity and the aerstion cycles at the moment of examination were as follows (Table
33). The winter compost had at the moment of measerement nat been tumed for 3 days, the summer
compost for 2 days.

Table 11 Singe af maturity and aeration cyeles.

TOME A C E
malcsiat winter SUnuwer winber SUMImer winter SLIREL
age {days { weeks] 571 1-4/1 15-16/2 15/2 28174 26/4
aeralion [min] / pause [min] 1730 2130 130 2i{4a 1.3/63.3 2754
1okl amoun of air [m'thelgcy neion] 1.74 3.38 1.74 2.40 1.09 166

Addivonally, the site was examined in May 1997, Physico-chemical measurements {lemperalure
and gases) were carried ont in french ) at cach time 3 points (points 1, 3 and 5, see Fipure 60) in the
zones A (composted since 1 day), C (since 26 days), and E (since 41 day). Samples were taken after
tuming.

Bicaerosal measurements were carried aut in the rotting hall with and without tuming of compost,
in the composl storing area, in the office area, and after the biofilter. The SAS Standard and Super
90 were used. For detailed methods, see Chapler 2.2.2.

Bioaercsal determinations were repeated during composting of summer material {lats Jupe 1997}
The SAS Super 90 and the MAS were used. . For detailed methods, see Chapter 2.2.2.
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Measurements were cffected at three moments:

+ carly in the morning, before turning started. However, filling of the trenches in the rotiing hall
was already in function

s during mid-moming, while composts in the zones C and E were turned
» during the pause at noon

Measurerents were carried out in the rotiing hall, at the point of entry of air into the biofifter, and
on top of the biofilter. Due 1o the high fungal spore concentrations expected in the samples taken
before the biofilter, Petri dishes were not incubated directly, but the agar was detached, and the
spores suspended in physiological salt solution by homogenization in the Stomacher Lab Blender
{see Chapter 2.2.4).

3.2.33 RESULTS
3.2.3.3A Comparison of wintar and summer material
Physico-chemical measurements

YWAINTER MATERIAL

Figure 62 shows the temperawre distribation in trench 11, Belore tuming, temperatures al the sur-
face or the center of the compost were slightly above or slightly below 60°C. They were lower only
at the bottom, especially in the 4 week old compost, most probably cansed by a cooling of the in-
streaming air.

a0 balore turning 2 h after tuming 20 h after turning
== 1 week _ -
T Sl 2 weeks 2 .
%g 7 4 wesks 4 1
§ wl | s
g o HE
£ o R
2 i §
] 20 S0 100 20 50 100
measuring depth |em] measuring depth [cm] measuring deplh [em]

Figure 62; Temperature distribution in trench 1) (winter materigl), The tolimns represent means of 5 (before turn-
ing) or 2 12 k after turning) ang the dard devipgions.

Temperatures got reduced by 5-20°C by the turmning of the composling material, especially in the
2 week old material, probably due to the addition of water. 20 h after turning, the stimulating effect
of ihe turning on the microbial activity could be observed: in the 1 week old maierial, 1emperature
rose in less than 1 day lo 70°C, values higher than before turning. The less important temperature
increase in the 2 and the 4 week old compost could be an indication that part of the easily degrad-
gble substances was already metabolized.
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Compared o the other composting systems exaiminced (open-zir windrows, box composting in big-
ger but less frequently tumed boxes, see Chapter 3.1.1 and 3.1.2} it stands cut thal the temperatures
were noi very high, but they were very homogeneously distributed. The relatively low temperatures
might be caused by the starting marerial (mainly dead leaves), which was not very rich in easily de-
gradable organic subslances. The good homogeneity of the material was cerfainly the result of the
fine shredding of (he biodegradable waste, the good mixing befere filling in the trench, and the fre-

guent tuming.

Table 34:  Gax conc in winter compost. The
reralis befare turning are means of 5 measurements.

nge deplh befare 20h a.ﬂer

turning lurning

|weeks] | leml | Oqyivol %] | COytvor%] | Oy ]vol %]
1 20 (18.4106] 1013 nd
(zoncA)| 50 |1BBEfC0{ 8i3 16.7
tW |18.0+2.0 i) 9.4
2 20 [15.4:08| 5+1 nd
(zoneC)| 50 (1986207 5+2 15.6
100 |20.34G.3] 2.9+0.5 17.7
4 20 [180L10]| 12%3 nd
{zoneE) | 50 (150120 9+2 18.7
100 |201+04] 4+ 18.6

Tabfe 35; Temperature and par concentraion In lhe
screened wimler conipast stored outside of the hali,
wder roof.

depth Temp. qa, CH, H;S
lcm] 1°C] |vol %] | |vel %) Ippm]
20 54 114 02 0.5
50 60 2.9 ] 36
100 6 1.4 »5 28
150 48 nd nd nd

The pas measurements (Table 34) also demon-
strated the pood homeogeneily of the winter
material. All sampling sites showed an oxygen
concentration > 8 % prior to lurning. The air
supplied 1o the compost (1.2-7.2 m® air / b 1ew)
was cbviously sufficient to create and maintain
oxic conditions, The lower values after lurning
{10 to 15 % oxygen) were an indication of the
boosting of microbial activity by the mixing
and watering. Astonishingly, the COy concen-
trations were very high. The short acration
phises had might not driven off 1he carbon
diexide, heavier than air and therefore accu-
mulating at the botiom of the trench. However,
the high CQO; concentration should not influ-
ence the microbial activity. Methane and hy-
drogen sulfide were not detected at all.

The sitwation in the stored winter compost was
different (Table 33} already in 50 ¢ depth,
less than 5 % oxygen was measared. In a depth
of 1 m, oxygen was further reduced, with the
simultancous presence of mechane and hydro-
gen sulfide. This could indicate that the com-
post was not yel completely stabilized after the
intengs, but short rotting time in the hall, and
that the degradation process continued in the
storage. Funthermore, the piling up of the finely
screened material under roof did not allow a
sufficient air circulation in the compost, pro-
voking the large anacrobic zones.
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SUMMER COMPOST

&= 1 week (zona A)
= 2 vicgks (zone C)
4 weaks (zone E)}

[+
o

temperaturs [<C]
(1] (2] =y
(=] (=] o

F-Y
(=]

20 -10
measuﬂng depih [em]

100 120 150

Figure 63; Compos:  remperatures  before  turving
{summer composi).

Table 36:  Gas mea 15 i port, be-
Jore tirting.
Zone | At weekd | C(2weeks) | E {4 weeks)

depth | O, J OOy | O | CO: | O | €Oy
fem] | [%] | %] | [%] | [%] 1 (%] | 1%]

W | 135 | 72 [ 137} 68 {158 | 46

4 | 155 | 48 | 150 | 67 | 17.0 | 65

60 | 174 ] 41 | 153 | 54 | 180} 27

80 | 172 | 36 | 148 ; 48 | 205 | 1.1

100 | 170 | 34 | 157 | 42 | 195§ 1.8

Bt | 205 07 | nd nd nd { nd

Table 37:  Phytico-chemtica!  characleristics  (fempe-
ratures and gar cone ions) of compost
stored outside of the kall under reof

depth | 1emp. | 0, | CO, | ClHy | W5
fem] § I°C1 | (%] | (%] 1%1 | fopml

measurement laferal

0 40 10.5 13 0.25 4]
50 54 0.8 28 0.5 0
100 50 0.5 3R 0.8 55
150 40 07 a3 1 42

measurement [eom the lop

2 42 18.8 9.5 0.3
2] 56 6.3 22 3.2
100 50 1.9 3z »5
150 51 IR ] 35 &

oo oo

Fied studies - Trench composting

The summer compos! in (he zone A showed
homogenous, bul nat very high temperares
(Figure 63). The short composting tme {l1-4
days), the high water content, and the stronper
aeration compared (0 e winter material could
cxplain this slow (emperature rise.

The maximum {emperatares of > 75°C were
reached after 2 weeks of composting, while af
the end of the composting pracess in the mitting
hall, temperatures had come down 10 approxi-
maiely 55°C. As in the winter material, tem-
peratures at the bottom of the trench were
lower. Due to the generally higher temperatures
in the summer material, and the sironger acra-
tion, vertical (emperature gradients were more
pronounced that in the winter material.,

The summer material, rich. in easily degradable
substances due Lo large amounits of grass clip-
pings, allowed more intcnse microbial activi-
ties. This resulted not only in higher tempera-
tures, bui also in lower oxygen concenirations
{Table 36}, although asration was increascd,
less O; was measured. However, concentra-
tions were at no point below 13 vol%. The ab-
sence of methane or hydrogen sulfide con-
firmed that o anoxic zones existed.
Astonishingly, CO; concentrations were lower
than in the wimer material. This conld be ex-
plained by the lonper acralion phases (2 min-
utes instead of I minure), allowing a better
rermoval of the CO,.

The screened summer compost in storage (Ta-
ble 37) showed similar temperatures and gas
concentrations than (he winter material. Con-
ditions were anoxic below a depth of 50 cm,
restilting in the production of methane and hy-
drogen sulfide. Due to the lacking air circo-
laion, CQy concenirations of »30 % were
measured in 1he core of the pilc.
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Tuble 38 presents the physico-chemical values of the samples, and, if available, those of the starting
malerial. For discussion of the temperalures, See paragraph above.

Table 8.  Physica-chemical paraimeiers of The compost samples.

parameter temp. [°C| pH waler contenl (%FW| CN
sampl winlet | summer | wimler | semmer winter | summer winter | summer
fresh blowaste (half green wasie, hall wood)
after shredder | [ - ] ea ] 40 T 5 | e | o | nd
rone A (compost | week)
2 (surfnce) a7 50 5.3 56 59° &1 nd nd
3 {center) 65 54 6.3 5.4- s0* B2 nel nd
4 (boltom) 1) 40 58 55 58* &4 el nd
5 (mixed) - - 58 55 B1* 57 P8¢ 28
zone C (compost 2 weeks)
6 (surface) 62 76 7.7 7.7 58" 54 nd nd
7 (cealer) &0 75 7.7 7.9 59" 45 nd nd
8 (boltom) 50 55 BO 7.6 - 46 nd nd
9 (mixed) . B.1 7.8 59° 50 23 24
zone E {compost 4 wecks)
10 {surface) &6 ] 83 8.4 55 M nd nd
11 (center) 81 65 B.4 8.6 53 41 nd nd
12 (botiom) 41 53 B8 8.5 51 41 nd nd
13 (mixed) - B2 8.5 58 40 20 18
compost screened, storage under rool
14 (surface) 54 50 87 8.0 49 34 nd nd
15 {center) ot &0 a.0 8.3 1 39 nd nd
biofitter
16(surface) | 15 28 | 48 [ 53 | e [ 8 | ad | m

* H;Q coateat of the starting malerial of this bateh: 61 %
® H0 corter of the staniing material af this batch: 62 %
 C/N of the starting material of this batch: 28

# /N of the starting material of this batch: 29-3%

The pH of the fiesh winter material amounted to 6.3, was reduced in the first days of composting,
and rose uniil the end of the compost process in the rotting hall te pH 8. During storage under roof,
a further increase could be observed up to pld 9. The slow pH increase in the 1 week eld compost
was most probably caused by the poor degradability of the slarting material {a high percentage of
dead leaves), icading to a generally slower composiing process. The low pH of the biofiller can be
atiributed 1o the compasition of the Rlier material (heather),

The pH in the summer malerial was slightly lower than in the winter material throughout the whole
composting process. The most marked differences concemed the starting material (4.9 vs. 6.3), and
the final compost (8-8.3 vs. 8.7-9). The Jow pH in the starting material coutd be explained by 2
greater production of acidic intermedsate metabolites during the degradalion of the high amonnt of
sugars in the grass clippings. The lower pH in the screened compost could have been caused by a
less intense protein depradation at the hiph temperatures measured in the sumtner material (Fig-
ure 63). The different composition might alse have lead 10 a compost with a grealer buffering ca-

pacity.
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The water centent of the material at the beginning of the composting process was appreximatcly
€0 %, as stipulaled by the operators. These oplimal values could be maintained during the whole
roiting tlime in the hall. The desired slight drying of the compost for an easier screening was
achieved in the zone E; further drying happened during stotage. The biofiller was very wet (82 %
water), most probably due to the candensation of the humid vitiated air in the filter material,

The water content in spinmer, alihoogh higher in the staning maierial than in winter, got rednced
tnoch more capidly during the composting process, due 1o the strenger acration and the higher tem-
peratures. Ia the 4 week old compost, and in the material in siorage, the water content was limit for
a corect composting process.

The C/N ratio in winter varied in the starting material between 28:1 and 39:1. No reduction was
observed afier the first week of composting; after 2 weeks, it amounted 23, and after a funther
2 weeks (0 20. The ohjectives of a C/N ratio of < 15 after 30 days of composting in the rolting hall,
guaranieed by the constructor of the installation, was not achieved. It has to be considered, though,
that ihe starting material had had most probably a higher C/ ratio than thet required by the con-
structor (28-30). This type cf installation was designed for the composting of sewage shadge, where
the initial C/N ratio can be casily adjusted by the admixture of woed chips 10 the studge. However,
when composting green wastes that change with the seasons, a constan! composition of the stacting
material can not be obtained.

The C/N ranios of the summer malerial were comparable of that of (he winter, although the amount
of easily degradable carbon somrces might bave been higher. Again, the composting time in the rot-
ling hall did not allow producing a material with the required C/N ratio of 15.

The guite similar final quality of the composis made out of the winter and the summer materig) cor-
roborates ebservations made by MICHEL ef al {1993 and 1996), who compared composis made of
different mixlures of grass clippings and brush (like our summer material) te ones made up of
mainly dead leaves (as our winler maiertal): they came 1o the conclusion that the maiure composts
were quile similar. The compost made with grass clippings contained slightly more nitrogen in form
of nitrate, and also more soluble salts, potassium and phosphorous. The ratio leaves: grass:brush did
neither influcnoe the temperatures, nos the oxygen concentration, the pH or the water content. Their
experiments had been carried out in epen-ait windrows, where the composting process itself could
not be changed in function of the starting material, while in the trench composting system, the dif-
ferences between the summer and the winter material concerning femperature, water content, and
consequenlly also microorganism concentrtions (see following parsgraph) wer probably influ-
enced by the different aeration regimes.

The drawing up of the isothermns from the temperatvre measurements carried out in the summer
material {second summer measurements, Jate June 1997) are represemted in Figure 64.

In the 3 days old composl, already 85 % cf the mass was at tempematures > §0°C, and noge of the
material was colder than 40°C. A temperature gradient built up from the center almost regularly in
all directions. Al the bottom and towards the trench wall, some irregularities of the isolhetm can be
scen, mast probably due io the formation of preferential air channels. After 2 weeks of composting,
the hot core had already gotien smaller, but still more than 50 % of the matsrial showed lempers-
s > 60°C. At the end of the composting process in the hall, a still guite warm center zone (44 %
of the mass between 60 and 70°C) persisted, surrounded by larger Jayers of compost material at
lower lemperatores, All three temperature profile measurements showed a slight asymmetey of the
temperature distribution over the width of the trench: the side lowards the aisle was slightly colder
than that adjoining another trench. However, due to the fact that the composting was carried out in a
closed hall, these differences were only minimal,
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8 Aspergillus lumigatus

fog chwgDW

coliforms

3 winter |.
EE 5ummen]

log efw/gDw

log MPN/gDW
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Figure 54 ; Concentration of Arpergillur fismipatys, coliforms {(detecied on VRB-agar), and E, colf (detecred i 1AX-
Broth) in winler and summer campast of diffarent nge and o differant depths in the trench.

1 = fireth green waste

28 = compast I week {2 = tuface; 3 = center; 4 = boltom;: ¥ = mixed}

6% = compost 2 weeky (6 = sarface; 7 = center; 8 = bottom: 9 = mized)
10-13 = compost 4 weeks (10 = sutface; J1 = center; 12 = bottom; 13 = mixed)
{4-15 = screeacd compost (14 = surfuce; 15 = cender)

X6 = biafiker materiaf

Columns witk an * indicate values below the deiection limit {10 cf/gFW for AF and coliferms, 28 MEN/gFW for
E_coli)
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The 1 week old compost showed a reduction of AF numbers to 120-440 cf/gDW in the upper parts
of the material, in spite of the not very elevaled (emperatures {57-65°C, see Figure 62), allowing
normally the survival of a ftaction of the mold spores. The competition with the degrading micra-
flora conmributed most probably 1o the disappearance of the molds. Al the bettom of the trench, at
tihe point of air entry, a proliferation of AF was ohserved, seemingly favored by the provision of
oxygen, This proliferation appeared to be mmportant, becanse after tumning, elevated AF concentra-
tion was also measuted i the mixed material,

The coliform numbers showed tendencies similar 10 AF, but did not re-grow in the same manner at
the boitom of the trench.

In 1he 1 week old compost, colonization with E. celi 1o concenirarions of 130-1200 c¢fu/gDW was
observed. Either the staning material of 1his baich had already contained £ coli, or they stemmed
from other compost hatches that comained kitchen wasic. Conlamenation could happen by the turn-
ing machine, or by the vitiated air from the preprocessing hall (dumping, shredding) used for the
zeration of 1he composts.

In the course of the composting process, concentrations of indicator microorganisms diminished
continuously watil the end of the rotting process in the hall. Higher concentrations were always
measured in the material sampled at the botlom of the trench, where tempermlures were not suffi-
cient for thermohygienization. This resultcd in the maintain of AF concentrations of 10° cfu/gDW,
and of coliforms of 10 in the compost sampled after urning.

Inn the material in storage, at the surface of the heap, an important regrowth of coliforms and E. cofi
{3-5-10° ¢fu or MPN/gDW) was observed. AF was not able to recolonize the maturing material,
being replaced by \he thermotolerant fungus Scyrelidium thermophilum (resulis not shown), and
prohahly mesaphilic species that were not detected because incubations were carried out at 40°C.
The biofilter material carried high concentrations of 4F (10° cfu/gDW). In consideration of ihe low
temperature measured in the filler (15°C), allowing only a very slow growth of the mold (see
Chapter 3.1.3), we presume that the AF parlicles detectcd were mosl probably spores thal were
brought in with the vitiated air. They surely survived, but could not germinate.

The {resh summer material contained elevated AF guantities, representing zlmeost 100 % of the fotal
thermotolcrant imolds (resulis not shown). During the composting process, the values dropped con-
siderably, alier all in the zone C (compost of 2 weeks), where lemperatures > 70°C were reached. At
the cnd of the rotting 1ime in 1he hall, the compost was to a lesser degree recolanized by molds. At
this moment, §. thermophiluns was detected besides AF,

As in the winter compost, the material in storage showed a recolonization by molds as well as by
coliforms at the surface. However, in the depth of 1he pile, where temperatures around 60°C and
low oxygen cancenirations (< 2%) werc measured, no potential pathogens or indicator organisms
were detected.

The biofilter was much more contaminated with AF (> 10° cfu/gDW) than in winter. The spores
stemmed probably not only fiom the vitiated air, bul the mesophilic temperalures measured in the
filter (28°C) could have allowed a proliferation of the mold.

Coliform concentrations, very elevated in the slarting material (et cfufgDW), got drastically re-
duced already inthe first weck of composting, and were mostly below ihe detection limit, with the
exception of the sumple laken aofter tumning in the 2 week old malerial. Recolonizalion to
10* cfu/gD'W was observed at the sorface of the screened cnmpost in slorage. The biofilter material
also conlained colifenns in concentrations of approximately 10° clw/gDW, E. cofi were present in
considerable concentrations in the fresh material (10° MPN/gDW), and in young compost sampled
at the bottom of the ttench. Afterwards, no or very few were detected any more. Only the surface
marerial of the compost stored tn a pile, and the biofilter contained > 1-10° MPN/gDW,
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For comparative teasons, Lhe results for the coliforms oblained with the VRB-agac, and those for
E. coll with the LMX were shown. Other seleclive media used for testing the summer material lead
toquile different results {Figure 64),

9 - coliforms
B T 11 VRB-Agar with overlayer _
| i ; B | MX-brath with noveblocing (MPN-method) |
E 7 C_] Coliform- E. cali-Agar wilh cefsutodine, ovartayer
s HH o
= : :
5 o4 Hal !
£ i {
2211 | il
2HEH :
il I il il 11 101 ol ol ) I
o LLMI] TR T 3t Kl
8 2] 10 1 12 1

2 14 15 18

2 : : £ colt

I (WMX-broth with novebiogine (MPN-mathod) 1
[} Caolilorm-£. coli-Agar with celsulodine, overlayer | |

log cfu or MPN/gDW

i5 18

Figure 55. Comparison of different selfective mediu for the ennvmerution of coliformt and £ gl in summer coniposi.
Columas with an * indicate values below the dereciion timit (10 cfilgFW plaie counts (Coliforn-E, coli-Agar),
28 MPN/g FW fur MPN's [LMX-broth).
1 = fresh green waste
2-5 compaost 1 week (2 = surfoce; 3 = canter; & = battam; 3 = pifxed)
&9 compast 2 weeks [6 = surface; 7 = cenier; 8 = botion; 9 = mixed}
10-13 = compost 4 weeks {10 = surface; 11 = cenier; 12 = botiom; 13 = mixed)
1415 screened compost (14 = surface; 15 = center}
16 bigfilier material.

7 8 9 1w 1t 12 13 14

gample number
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Enumeration of cfu's on the two solid media (VRB-Apar and Coliform-£. coli-Agar (CCA)) gave
quite similar results. Concenleations determined with the LMX-broth were lower in the case of high
coliform numbers, but highes in the composits where coliform numbers were greatly reduced due to
the elevaied tempesatores. The same was also observed for (the detection of E. coli. These differ-
ences might be duc to a generally beiter growth of the compost micreflora on solid media, or to 1he
different cnumeration echniques {plate counting Vs, MPN).

Another explanation for the observed differences might be the betier suppression of the accompa-
nying microflora on the solid media, were the growth of strictly aerobic species was impaired by
culiivation in the agar mass, and an additional layer of agar (overlayer). Tests had shown that detec-
tion was enhanced by inotulating in the agar mass, compared lo inoculaion of the agar surface
(GARCIA, 1998).

Also, the additon of the antibiotic cefsuloding ta the chromogenic medium could have influenced
s selectivity. Resulis obtained in the scope of this siudy by GARCIA {1998) about 1he enumeration
of coliforms in compost lud shown that the addition of cefsulodine {o the CCA, suppressing Pseu-
domeonas ssp. and Aeromoias ssp., allowed to detect one half 10 one order of magnitude more coli-
forms and E. cnli (han the CCA without cefsulodine. The presence of a large number of other Gram.-
negative bacicria can mask the coliforms, and their f-D-galaciose ectivily, used 1o identify them on
the selective medium, can be diminished (BERG & FIKspaL, 1988). Also, the basic composition of
the selcctive agar might influence the detection of specific bacterial groups. Tests with the different
chromogenic media on the market {CCA, Coli-ID, and EEC, description sce Chapter 2.2.4) had
shown, as well as with; single sirains isolated (tom composts, as with compost extracts, a higher
recovery rate wiih the CCA, even without the addition of cefsulodine.

Further rescarch wounld be needed to define the factors that are responsible for the different results
obtained with the various selective coliform media. Of course, when results from diffeient experi-
menis have 10 be compared, the same medsum has (0 be used,

TaMe 39:  Geinera of presumed coliforms isolared wish Table 39 gives information abonl the types of
different selective mediu (MacConkey, VRD, Tergital, coliforms detected i t. The resnlts rep-
CCA, EC-ID, EC: descriprion uf media see Chapter t all stai n Totm;}of the dilf pl
2.2.4} fram compasts frone differens sies wid of different ﬂ_!SE.'rI a _sralns ssalated from the & ere_an
mdurily (M ¢ = oll flages of matnrity [ i = intermedi- sites examined. The spectrum of the species

ate waturity; M = panire, soreened compost). From found at each site was similar. No difference
GARCiA. 1998, was also observed beiween the types of hacte-
Tentis T3] mormber of siratns isolated ria jsolated on the Jdifferent selective media

coliforms used, although the limited number of simins

ndicats ies. Th .
Cirobacter | m| & (C. freandii only allows indicaling lendencies £ main

coliform genera were Enlerobacter (after all E.

Enterobacter | a t 21 (19 . cloacac clogeae), Klebsiclls (after all X preumarniae

(12 £ agglamerans)

E eof T ssp. pneamoniae) and E. coli, which was dis-
Klebriotla 20 (17 K puesmoniae. s3p. pn co\fcn::d .i“ compost of a!] stages of_malufily.
(13 K. oxpioca) This is n accordance with several investiga-
tions reported in Jiteralmse: MOSE & REN-
THALER {1985), cited by ROTE (1994) found in
biowaste mainly Enterobacter sp., Proleus sp.,
L. coli, P.geruginosa, Klebsiella sp., Serra-
Basp. and Citrobacter sp. BRINTON &
DROFFNER {1994} reported the presence of spe-
cies of the family Emerebacteraceae and Psewdomonadaceae in material that had been composted
during 15 days in a closed vessel, P. aeruginosa being the most prevalent organisin. RGDEN el gl.
{1994) found in composts from different composting sites (each time jdentification of 20 sirains) in
one installation a strong prevalence of E. cloacae (70 %), C. freundii (25 %) and K. preumoniac

(-3

non-coliforms
Ochrabactium | i [on MacConkey Agar)
Proteus a 1 lon MacConkey Agan
Tolal 59
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(5 %), at another installation, however, 60 % Psendomonas maltophilia, and 40 % Acromonns
dwaofft. ANDREWS ef al. {1994) detecied in compost prepared from sewage siudge the gencra Psen-
domonas, Serratia, Xanthomonas and Klebsielia, but no E. coli. CLARK ef al. (1983) teported the
gencra Klebsiella, Enterobacter, Serratia and Prendmnonas as the most commonly found Gram-
negative bacteria in the air of 2 composting plani.

Citrobacter freundit was only detected in infermediate mature composts. A few non-colifornis were
also isolated on MucConkey apar. Mast of the non-coliforms detecied on the selective coliform-
media could not be identified with the AP} 20NE system, and appear thus not in the resihs. The
presence of Ochrobactrium enthropii, nonmally detected in human clinical material {(SWINGS ef al,
1992), was confirmed by two further isolations on CCA, which allows the growth of Gram-negative
non-catiforms, identifiable by colorless colonies. The non-coliforms tsolated from this mediumn be-
longed to the genera Aeromanas () strain), Flavimonas (1 strain), Psendompnas (3 strains), Coma-
monas (2 strains), and Serratia {2 strains).

If we compare the concentration of molds and indicator bacteria in the composts produced during

winter with that produced during summer, we can notice the following tendencies:

+ The green and kitchen wasie delivered 10 the site in summer contained mueh more potentially
pathogenic and indicator bacteria than that in winter. However, at the end of the rotting time in
the hall, the summer compaost had undergone a better thermohygienization, due te the gencrally
higher temperatures,

+ The compost in storage, due to the fact that it did not get mixed any more, did show an important
proliferation of molds and coliforms in the material at the surface of the pile. This was more pro-
nounced in the winter matesial; the higher water content might have coniribuied 1o this recoloni-
zation,

+ The biofikter containetl more AF and coliforms in summer than in winter. For E. coli it was the
- contrary. The same lendencies could be observed in the fresh waste. The principal aerolization of
microorganisms has thus to occur when the tncoming waste is treated (shredding, mixing, and
filling of the boxes) rather then by turning the alder material. Also, in summer, an active prodif-
eration of potential pathogens in the filier material could happen, when biofilley temperatures
were permissive for microbial growth,

The emmmeration of (hermophilic bacteria (Figure 67) showed > 107 MPN/gDW already in the
starting material. The highesi concentration of moderate {growth a1 60°C, mainly Bacillus species
(BLaNC, 1998) and probably also highly {growth at 75°C, Thermur species, BEFFA a1 al, 1996)
thermophilic bacteria was reached in the 2 week old compost. At this stage, the thermophilic flora
seemed to be most numerons, but not most active: temperature (Figure 62) and gas mecasurements
(Table 34) both indicated a higher microbial activity in the 1 week old material,
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0

=1 modarate thermephlla {80°C)
R ilghly tharmophlls (75°C)
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sample number

Figure 56: Concentrution of ikermaphilic bocieria in compost {winter materfaf). T volues above the detection limit of
6.510° MPNigFW. I = fresh green waste

2.5 = compost ! week {2 = surface; 3 = center; 4 = botiom; 5 = mixed)

6-¢ = compost I weeks (6 = surface: 7 = center; 8 = bottom; 8 = mixed
10-13 = compost 4 weeks {10 = surfoce; 11 = center; 12 = bottom; 13 = mixed
=15 = sereened compost (34 = surface; 13 = center)

I6 = biofilter marerial

in THE AIR

Tabie 40 shows the results of the bioserosol measnrements carried out inside and ontside of the rot-
ting hall, as well as on top of the biofilier. Additionally to the serics of measurements catried oul in
winter and in summer, those execnted in spring (month of May) are presemed.

In all seasons, very high bicaerosol concentrations were measured in the rotting hall. The air con-
tained several 1000 spores per m®, even without turnings being carried our. In this case, the source
af air contamination was the charging of the trench, and the aeration. Measurements of mesophilic
fungi and bacteria effected al the same time showed concenirations of > 2-10° cfu/m® air and
3.18% cfu/m?, respectively (GUTZWILLER, Swiss Accident Inswance Institute, personal communica-
tion).

The inlense mixing of the material by the lurning machine resulied in high AF spore emissions
(> 10°-10° ciwm®). The turning of the composl in zone C lead generally i lesser spore dispersion
than gither in zone A (fresh material} or in zone E {compost al the end of the rolting time in the
hall}, These findings are in accordance with the AF concentrations detected in the compost: the in-
termediate compost, where temperatures exceeded 75°C, conlained only few molds, while a recolo-
nization was observed in the more malure material, where temperatures were lower (se¢ Figure 65).
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To investigate the capacity of the filter to hold back fungal spores, additional measurements were
caried in late June {Tahle 41). The measuremenis were carried out at different moments of the day:
early in the morning when operations started, during turning at mid-meming, and at the end of the
paunse 4t noon.

Table 41;  Concentralions of Azpergilfus fumigains (AF) and total thermotolerant molds (¥TM) in the roiting hatl and
before und afier ihe biofifter, ai different moments of the day.

Time early morning (ThIS) turning of compost -at noon {(pause}
sampling point [cfbﬁu’]__l?wﬁ’l |cfir':n’] |c1r'm31 lcft!Fm'], [gﬁ’]
rolting hail
middle of zone A . >2g510* | 8810 3.7 1.310" 1.3-10°
middie of zone € s =3310° | 46410° 4.810° 520 B840
middie uf zone B 3110 3.210° 970 2.410° 110 160
side filling | = >3310' | 1310* [ 1310 = >1.310%
side exil coropost o >33710° | 2190 | 2340* | 1310 | 1310
biefilicr
at the entry of ain into the biofilter | 1.410° | 14108 | 2290° [ 2310¢° [ g710' | ag1p’
on top, fell side (side of air eniry) s »26810' | 2090 2.0-10" 580 560
on 1op, middte B30 1.5-10° 211 | 2.1-10° 130 140

! fitling of the rrencheg had already staried

Astonishingly, the highest AF concentrations in the rotting hall were measured early in the moming.
This could be explained by the fact that at the moment of measuring, the aeration of the rotting hall
was still redueed to 30000 m/h {nighi-time energy saving made), instead of 60000 m'h during the
day. During wrning of compost, concentrations in the hall were mostly between 107 and 10°
cf/gDW, but got reduced during the pause at noon, when neither tumings nor shredding of fiesh
material were carried out, and the air used for compost aeration entraining thus no spoies.

The concentrations of AF measured in the ail at the entry of the biofilier were a function of those
measured in the rotting hall: they were highest in the morning, and lowest during the pause at noon.
Alier the filter, concenrations were reduced to 10 % at the side of air entry, and to 1 % in the mid-
dle of the biofilicr.

Investigations by VISSIENNON ef al. {1396) about the emission of fungal spores from biofilters {con-
sisting of woodchips, bark, and mature compost) of composting facilities showed thal fungal con-
centrations after the filter were about 1 order of magnitude tower than in the incoming air iI the fil-
ter was well maintained. If the filter was too dry, emissions after the filter exceeded even those of
the composting process, indicating an active release of spores from the filier.

167




Aesults and Discussion Flotd studies ~ Trench composling

3.2.3.3B Assessment of the performance of the composting system

The results of the exuminations showed 2 generally effective and highly controllable composting
system. In comparison with the other systems lested, (he homogeneity of the material, and the only
litle temperature and gas concentration gradiemts were siriking, Some weak points of the system
concerned the acration system, the temperatute conrol, the rotting time and the storage of the com-
post afler ihe rotting in the hall:

The bark chips that were ftlled over the gravel which covered the seration pipes got crushed and
compacted by the turning machine, and were alse subjected 10 microbial degradation. This resulted
in a clogging of (lie aeration channels, necessitating the complcte emptying of 1he trenches, and the
replacement of the bark chips already after one year of operation.

The composting sysiem was designed fo allow the control of the composting temperature through
aeration. However, Ihe femperature probes, which are set into 1he trench walls, are not indicating a
temperature representative of the bulk cotiposting mass, because there ix ofien a gap between the
compost maletial and the wench wall. The aeration was therefore set in fixed cycles determined em-
pirically, the compost temperature having 10 be measured marwally.

The fact that turning and passage thiough the rotting liall are coupled. e.g. that the compost material
is moved on in the iench @1 each tuming, allows little flexibility regarding rofting time. Especially
for starling materials that contained a large perceniage of difficull (o degrade subslances, such as
dead leaves, the 30 days of composting were not seflicient to prodece a ripe compost. A simple
prolongation of the rotting time in the hall might not lead to a much maturer product, because the
material would be less tumed. The resvlts of the experiments al the apen-air windrow site showed
thal Trequent mixings did especially favor the composting of more woody waterials {Chapter
3.2.1.3B).

The storage of the still active compost in big piles under roof provoked the formation of anoxic
zones in the core of the heap. The end products of anaerobic metabolisms (falty acids, such as lac-
talg, acetate, butyrate, propionate or valeriale) are phyloloxic {ZUCCON ef al., 1983). KIRCHMANN &
WIDEN (1994) showed the presence of such acids, especially acetale, in concentrations up to 3 % of
dry matter duning almost 6 months composting of honschold wastes, and in lower concentrations
{max. 0.8 %) in composts made of houschold and park waste. Maximum concemrations were meas-
ured afier 42 days of composting, in windrows that were wrned (wice a week by a front end loader.
To aveid that the compost gets anaxic during slorage, it should be put up in several, smaller wind-
rows, allowing a natural aeration to take place. Ideally, the windrows should be turned from time to
time. The installation of an additional aeration system in the storage area, either fix by channels
sttuated in the floor (similar 10 the system described for the hox compasting system (see Chapter
3.2.2.19), or mobile by fexible pipes over which the pile gels construcied, would also remedy the
problem of anacrobioses.

The omly emission of fungal spores 10 the environment from the completely closed system was
across the biofilter. More detailed measuremenis should disclose the efficiency of the filter to hold
back AF spores.

Filling of the trenches and wrning of fresh compost led to high spore concentrations in the rotiing
hall. No fix working places are required in 1he hall, as the system is fully aulomaled; the different
operations are motitared from a compuler situated in the office complex. However, for reasons of
mainlenance, measuring and sampling. the personnel visit the hall daily. For these activities, which
nonnally do not take much lime, the wearing of a facial mask is highly rccoinmended, as also
stipulated in the repon by the Swiss Accident Insurance Instinte (GUTZWILLER, personal communi-
cation),
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3.2.4 COMPOSTING IN A BIOREACTOR

3.24.1 DESCRIPTION OF THE INSTALLATION

The composting installation in Uzwil (Figure 68} comprises two units: 2 partially roofed windrow
compasting site, where yand wasles are composted, and a elased building housing at pilol scale re-
actor which serves to test the influence of different starting materials and different parameters on the
performance of the composting process. The pilot system allows simulating the conditions encoun-
tered in the flat-top windrow (stacking height 2.8 to 3.3 m} composting system Wendelin developed
and commercialized by Buhler AG.

Biofiller
Cffice / =
Canhalling )
room Bioreactor
Hall CGomposl,

furned
L OAEL,
Shieddar tuming

machine

Figere §7; Srhematic pdun af the camposting site {part with the biarearior} of Bikier AG, Upvil.  enclosed area.

The experimenis in which we participaied served ta test the behavior of differemt wastes (in our ease
biowasle] in a newly developed composting concept {Wendelin AirTec). Tt is based on a specific
temperature controlled aeration imanagement: during the first 4 weeks, the air is supplied to the
compost from the bottom by pressiue aeration, dating the 2 following weeks of maturation from top
to hotlom by sucking. In the real seile system, which contains composts of different maturity, the
vitiated air from the mare malore composlt aeraled by sucking is ted through the compost in the in-
lensive stage of rouiag acrated by blowing; the two zoncs are separaied by a removable wall. This
new concept should allow o produce compost of Roltegrad IV to V in 5 10 6 weeks (BRUNSCH-
WIULER, 1995},

‘We only participated in the experiments carricd out in the pilot scale reactar.

The completely closed, rectangolar (2.7 x 3.3 x 2 m) bioreactor holds 20 i’ = 14 toos of compost.
The front of the reactor can be opened for sampling and emptying. The reactor is not thermally in-
sulaled. The waste is shredded by a triple-screw shredder, sicved 10 a particle size of 70 mm, and
filled over a layer of waad chips inla the bioreactor. The wood chips avoid a clogging of the ar
duets with compos! particles, and liclp (o betrer distribute the air into the compost mass. Fhe com-
pasting pracess is temperaiure controlled, by variation of the aeration intensity. Air can be supplied
under pressore 10 the reactor from the battom to the tep, or be sucked through 1he composting mass,
from tap to bottam. Aeration accurs cither with fresh ambient air or with air that has already passed
through the eompost (recycled air), The different aeration regimes will be described for each ex-
periment,
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Temperatures were measured and recorded on-line (Figure 69} a1 the following locations:

e T] (20cm from the bottom), T2 (80 cm from the bot- 2l fresh or acycloc)
tom), T3 (180 cm from the bollom), at 80 cm depth, lat-
crally. fre ]

* T4 (conirol), at - 30cin below the compost surface I - -

{ = sensor which regulaled the aeration). 53 m

Duting the duration of the experiment, the height of the ——f3arrom (8 m
mass in the reacior diminished, so that the posilion of 1he

lateral temperaiurcs probes in relation fo the compost sur- 72 sto8m
face changed. T1, 8102 m o
O, and COj-concentrations wese measured and recorded ™ 2om

on-ling in the ait at the outlet of the bioreacior. )
The compost mass {weight) and the filling height (by ulra. ~ Figure S8 Locations of the four icm-

. perasture sensors placed in ke compost,
sound) of the reactor were measured and recorded on-line. > filliug height i the siart of the experi-

ment ¥* filling height at the end of the
expariment.

The compost was tumed weekly. For this, the hioreacier was emptied with a front-end laader, the
compost put up in a windrow in the apen air, turned with a specialized machine, and filled again in
the bioreactor. The whole turning piocess took abom 2-3 hours. If necessary, water was added (o the
composi dming the tuming.

3.24.2 EXPERIMENTS CARRIED OUT

Our taboratory pacticipated in the experiments V12 and V13, (organized by Bubler AG) to furnish
some information about the presence and nuinber of nicroorganisms {both potentially pathogenic or
indicator mictoorganisms, and non-pathogenic degradative microorganisms) during composiing of
biowaste from bin collection (C:N of approximalely 20) from a suborban area,

3.2.4.2A Experiment Vi2

The experiment was started on October 4, 1994, The Starding material consisicd of source-separated
kitchen and garden wasie from bin collection. Normally wood chips would bave been added to the
biowaste, but this was not necessary in this experiment because the starting material contained a)-
ready enough straciure material.

The compost was zerated in the following way:

« Week 1: fixed flow of 10 m*/htresh weign fresh oir and about 30 m M-l weign recycled air.

* Woeek 210 4: temperaiure conlrolled (at 65°C) pressure ventilation (air from bottom of the reactor
101he top). The acration was regulated in the following way: if the averuge temperaiure measured
over 1 h of registration was 2.4°C above the average of the previous hour, the ventilalion was
started. The compost was first acrated with recycled air, then, if this did not lower the tempera-
ture enough, with fresh air,

= Wezk 5to 7: inverse veniilafion (sucking ventilatior, air from the top so the bottom) with a fixed
airflow of 10 m:'{h-l,mm;gm.

Oxygen could not be monitored dming the firs! 2 days of the experiment because the sensor was out
of function.

Aflter two weeks of composting, approz. 1.5 m® water were added to the compost during the suming
1o reach again 50-55% humidity.
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Figure 59: Locarions: of physico-chemical neasirement
poinls.

Sumpling: compost was sampled a1 the points
shown in Figure 71;

» sample 1+ periphery, 20 em from the bottam
= samiple 2: periphery, | m from the botiom

s sample 3: center, 20 can from the bottam

= sample 4: center, 1 in from the bottom

Saniples 1 and 2 were taken at the sucface, after
opening of the bioreactor, samples 3 and 4 were
faken when the reactar was partially emptied
with a front-end loader, in | 1n deplli. Anather
sample was oblained ufler turning, from differ-
ent parts of the windtow, Samples were taken
weekly, usually hy the personnel of Bubler AG,
and sent by express mail to the lahoratory,
where they normally arrjved an the day of sam-
pling. They were caoled immedialely to 4°C,
and treated the fallawing day.

Field studies — Bioreactar composting

After 5 weeks of composting, physico-chemi-
cal measurements were carried out in the loca-
tions shown in Figute 70, For ihis, the icm-
perature and gas probes were inserted horizon-
tlly in holes on the {ront of the bioreactor in-
tended for this purpose {locations | and 2). The
peofile 3 was executed vertically from the top
of the reactor. Filling height al this mament
was 2 m. Measurements were carried out from
10 10 120¢m depth. The aeration had been
stopped for the duration of the measuremenis.

The following parameters were determincd:
temperature; Oy €023 HaS; CHy; CO. For de-
1ailed methods, see Chapter 2.2.1.
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Figure 6i): Sumpling toeaiions in the bigreacior.

Physico-chemical analyses: pH; dry weight. For detailed methods see Chapter 2.2.3.

Microbiological analyses: Aspergillus fumigatus, total molds and yeasts; Gram™ bacteria (on Mac-
Conkey Agar); heterotrophic mesophilic and thermophilic bacteria. For detailed methods see Chap-

ter 2.2.4.

In addition ta the analyses carried out in our laboratory, 2 number of tests were dane by the conirol
laboratary of Buhler AG: organic matter {ashes), tota] earbon, total nitrogen, C/N, Abbauprad; Rat-
tegrad (self-heating capacity). For further details, see Chaprer 2.2.5.
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Rasults ang Discussion Field sludies — Bioreatlor compesting

3.2.4.28 Experiment V13

The cxperiment was started on February 10, 1995, The starting material consisted of organie kitclien
{approx. 50 %) and garden waste {approx. 50 %) from bin collection from a small town. No wood
chips were added because the material contained already too much strueture material.

Tive composting procedure was the sime 3s in experiment V12, except that seration was alse tem-
perature controtled during the first week. Between day 7 and day 9, 0o iemperature measurements
were recerded hecause the logger was out of function. Samples for the micrabiological tests were
only taken in the center of the reattor, W 20 cm and 1 m from the boliom (sampling Jocations 3 and
4; Figure 71). No physico-chemical measurements or bioaerosol measurements were carried owm,

Microbiological analyses: Aspergiilus fitnrigaties, 1otal molds and yeasts; Gram™ bacteria (on Mac-
Conkey Agar), coliforms (on Modified Tergito)-Agar); mesophilic and thermophilic bacteria. From
the initial dilution of each somple, parallel dihmion series were exccuicd. The results shown are
mean values of the two series, the error burs indicating the standard deviation (0™'). For detailed
methods, see Chapler 2.2.4,

3.24.3 RESULTS
3.2.4.3A Experiment V12

Physico-chemical measurements

Table 42:  Physico-chemicot measurernenis in ! week
old compost, in the bioreacior, gfier opening of the
daov, ventiladon siapped, ot @ height of 1.3 m. ad = ot
deiermined.

depth horizontal | T Oy co, | CNH,
(cri] [°C1 | [vot %) | [vol %] | [vol %
10 7 12.7 nd 0
30 87 35 nd 27
80 nd 0.7 | nd 1.4

Some physico-chemical measurements were
performed in the 1 week old composi dircetly in
the bioreacior and in the windrow before and
after lurning.

High temperatures and aerobic conditions were
present in the bioreactor (Table 42), with a small
amoum of methane produced by anaerobic buc-
teria in ihe poorly acrated zones located in
30 cm depth, where oxygen concentranons were
quite low. The good oxygenation in 80 cm could
be an indication for the existence of preferential
air channels building up in the biorcactor.
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Feasulls and Discussion

Tabie 43.  Physiva-chemical measnremems i § week
Hd eompot takeb ot of the bivreacior and pe up in
windraw fur durning. Measeremenis were perfornied
lateraify ot & height of 05 m obove graund, nd = not
derecnined.

depih horizantal T 0, Co, CH,
[em] [°C]  |1vel ]| [vol %] | [vnl %)
I minutes afler removal from the bioreactor
20 57 111 8 0
75 } B1 23 12 0.3
10 ninules afler turnlng
20 49 20.9 nd o
75 51 15.1 10 [¥]
30 minntes affer turning
24 49 20.7 nd e
15 51 7.8 i7.5 0

Flgld siudies - Biorsactar compasting

The tempeiatue of the compost mass, after put-
ling it up in a windrow for fuming, remained
relatively high (57-61°C) (Table 43). By the
turning, the temperature decreased about 10°C.
A marked inciease of the oxygen conlent was
observed |0 minutes after the tuening: from
Il % at the surface, and 2.3 % io the center, it
rose 10 21 % and [5 % respectively. However,
20 minmtes [a1ee, oxygen concentrations in the
core of the windrow had decreased substamially,
paratlel to an increase of the COy concentration,
due to the high micrabial activity. These meas-
uremenis confirm the results obtained at other
installations {see Chapter 3.2.1), and described
wn literatore (HELM, 1995; MILLER & &, 1989)
thar turning only leads 1o a momentarily oxy-
penation of compast. The ooler layers were al-
ways sufficiently oxygensied.

The temnpeiatures and gases were also measured

in the 5 week old compast in the bioreacior (Table 44) at the locations depicted in Figure 70,

Table 44:  Physice-chemical measiremients in § week ofd compost, in the bloreacior, door closed, ventilation on, nd =

nay derermined Mensyring sites see Figure 68.

Sile § = iD e from the bottomm | Sile 2 = B0t om from the bollem | Site 3 = 30cm below the surface
[measuremient horizontal) {mcasuremenl horizontal) (measurement vertical)
depih T 0, co, CH, T 0O, coO, | CH, T 0, co, | CH,
_fem] | 1°C) | [%) 1% [%] 1°Cl [%] 1%1] [%] [*C] | [t [%i [%]

1w 20 208 | 0.04 o nd 208 | 010 Q 37 196G | 084 0
20 32 208 | 007 o 4 208 | 048 | 005 41 18.2 1.82 2
30 45 203 | 0.72 | 0.05 40 202 | 060 | 0.05 51 162 | 3.25 2
40 . a5 15 | 138 | 010 44 198 | 092 | 010 58 1580 | 4.25 2
a0 61 1856 { 211 0.10 44 189 ¢ 1.52 | 015 85 137 3.4 2
60 66 17.2 | 344 | 010 54 182 | 204 | 0,15 72 121 6.8 1
70 70 163 | 4.24 | 010 58 17.7 | 241 [CA 1] 77 9.5 87 1
80 74 155 | 4.98 | D10 B0 173 | 263 1 015 79 a2 9 1
0] 76 et nd nd nd nd nd 80 8.0 10 1
100 79 nd nd nd 53 nd nd nd a1 7.8 10 1
mean | 57.8 . - 52.3 - - - 64.1 - - -

Low temperatures (< 55°C) were present in (he periphery (0-40 cm) of the bioreactor, with higher
temperatures at the botloat (site 1) than i the middle of the bioreacior (site 2). The temperatures
increased strongly (49-81°C) in the center (30 to 100 cm). Hotizontal measurements revealed good
aeration without production of CHy. However, vertical measuremenis from the 10p (site 3), with air
fMow from 1op 10 botlom, showed zones with oxygen < 10% and elevated concentrations of methane,
indicating the presence of anoxic zones. No formation of hydrogen sulfide (Ha5) was measwved ai

any point (resulis not shown).
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Results and Discussion Field studlss — Bioreactor composting

Figure 72 shows the temperature evolution, monitored by on-line measurements.

90

an

70 A

£ 60
o
=
E 50 1
é 40
& |
—— 0.2 mfrem the bettem (T1})
80 1 —— 0.8 m rom e bottom (T2}
A LY e CER R 1.8 m from the bottom (T3)
20 1 — 34 ¢m betow the compos!
suifacae (control temp., T4}
10 F T 1 L) T T T
0 1 2 3 4 5 8 7
time [weeks]

Flgure 72: (-fine lemperature magsierements with finer sensors pluced in the bloreactar. Temperature Sef point from
the beginning of week 2 1o the end of week 4: 65°C. Lacaiions of the fenperatire probes see Figure 69,

During (he first week, the rate of temperature increase was slow, and the temperature distribution in
the mass heterogeneous (20°C to 45-75°C in 6 days). On the bottom of (ke reactor, at the poinl of
air eniry ino the compost, temperatures were not higher than 45°C. After the {irst tucning {on day &}
the temperature increased very rapidly, temperatures exceeding greatly the set temperature of 63°C
al the control point {30 cm from the top). Only in the second half of week 2 could the temperatnre
be lowered 1o 65°C ab the top. However, due to the strong aeration, temperatures in the rest of the
bicreacior decreased strongly to 35-45°C on day 13, being accempanicd by an intensive drying of
the material (see Figure 74).

The water added during ihe second turning generated a fast temperature rise in the whale compost-
ing mass {50-70°C), \he lemperature gradie between T3, which showed the same temperature as
the centrol (T4, 65°C), and the bottom {T1) being only 15°C. Towards the end of the third week,
another temperature drop was observed (35-45°C), this time in 1he whole compost. As the water
content was in a range thal allowed good composting (45-65 %, see Fipure 72), the decreasing tem-
peratures were most probably due to an exhanstion of easily degradable substances.

The forth week of the experiment was characterized by a delayed remperature increase (72 h to
reach the desired temnperature of 65° at the top of the bioreactor), alse a sign that substrate depletion
was occurring. Temperatores where higher at the measuring point situated ar a height of 1.8 m,
reaching up 1o 80°C, than at the conirol paint {30 cm from the lop). Due (o the volume redoction of
the composting material, the former was just below the surface of the compost, thus above the con-
trol temperature. Temperatmes at the bottom (T1) did not exceed 50°C. The inversion of the aera-
tion at the beginning of week 5 (sucking, from top to bottom) brought about alse an inversion of the
temperatures: 1he highest ones being now measured at the botiom (T1) of (he bioieacior (> B0°C),
wheieas the compost at the top (T3 and T4} was 20-25°C colder. These very high femperates in
the whole composting mass were maintained until the end of the experiment (52-82°C for week 7).
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Results and Discussion

Fietd studies - Biateacte! compasting

The inveision of the hottest zone was similar to that observed by STENTIFORD er al. (1985) during
the composting in forced acrated static piles: in the case of negative pressure, the highest tempera-
tures weie obtained near the aeration pipes, and wiili positive pressure near the apex,

Table 45:  Evohiivi of the teinperotire in compost
nteasired at different locations in the bigrcactor prior
to smmpling. Sempling points: = 20 an from the bot-
lom, periphery: 2= I'm frem the bottam, petiphery;
3= 2em from the baltom, couter; 4 = Lo from the
bartom, cemier (2ee Figure 71).

sampling poinl
weck 1 2 k] 4 mean
1 56 70 53 83 618
1 41 62 52 54 55 11
3 3 41 a5 35 B3
4 47 57 57 &6 57+8
s 3z 41 79 63 |54zx21
6 48 45 Bd 69 (62z1i8
7 56 39 83 56 159x18
niean |45 10151 x 112|612 18|59 211

Table 45 shows the (zmperatures of the com-
post at the moment of sampling. The lempera-
1eres measured in the center of ihe bjoreactor
correspond to those measured on-line ar the
sampling time. Thaose at the periphery were
measured manually by the persan taking the
samples, prior lo sampling.

The temperatures at the periphery (measuring
and sampling point 1 and 2} were generally
lower than in the center, rarely reaching 60°C.
This was especially true for the second half of
the experiment (weeks 4 10 7). This comobo-
rales the punctual measurements shown in Ta-
ble 44. It has to be considered, though, that the
biorcactor was not insulated. The horizontal
temperature gradient would be lesser in the
flawop windrow that the bioreactor system is
supposed 10 simulate, because of the much

larger dimensions of the windrow {80 m long % 20 m large). However, the terrperature gradient ob-
served in the vertical dircction, commented in Figure 72, would also build up in the flat-top wind-
row, with temperatures differeices between the top and the bottom as much as 40°C.

Microbial degradation of organic maiter resulis in O, consumptien and CQ; production, the lalter
being o mirvor image of the former, as shown in Figure 73.
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Figare 3. Curbou dioxide and wxypen conceniialian in the vitineed air,
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Rasuls and Discussion Fiald studies — Bioreactor composting

Unfortunately, due to instrument failure, no O; measurements could be carried out during the first
phase of the experiment. The high CO; concentration, exceeding 10 % (upper limil of deteciion) are
an indication of very intense microbial activity. In the further eourse ol (he composting process, the
gas concentrations showed an evolution similar (o (hat of the temperanines; when lemperatores were
high a5 a resultl of good microbial activity, CO; concentrations were clevaled {between 4-6 % in the
air exiting the bioreactor), and O; zoncemrasions low, respectively, Also, turning was each time
strongly stimulating the microbial activity. When temperatures fell, either due ta an excessive diy-
ing of the composting material, o1 10 depletion of casily depradable snbstances, could shis be ob-
terved by gas concentrations approaching those of normal air. The fluctvations in the thisd and Ihe
fourth week were caused by specific aeration cyeles, and were reflected also in the measured tem-
peratures, the aeration leading 1o o cooling of the composiing material.

No explanation could he found for the very high temperatures during the second half of the com-
posting process, during sucking naeiation (Fignre 723 the gas measurements showed in fact only
very little microbial activity, Of course, the gas concentrations in an aerated sysiem are a function of
the airflow. Calculatiens of kg COy emitted per kg compos!, laking inlo account the amount af air
passing through the compost, showed a reduction of CO; production fiom 1-2 kgfkg compost during
the first 4 weeks of the cxperiment, ta 0.15-0.3 kgfkg compos! during the second half. This would
corroborate the theory that very high temperatures are inhibitory 10 microbial degradanion processes
{FnsTERM & MILLER, 1985). However, il ts unclear how these high 1emperatures could have been
generated in the Tirst place: composiing mass reduction, volume reduction, organic mailer reduction
{lrom 68 % [DW] in the starting materizl to 54 % hy week 4, 10 a final percentage of 51 %), and
Rotlegrad all indicated thar the degradation was to a large pan terminated after 1 month of com-
posting, The litile air flow (10 0 et e weight)s together wilh the quile low water conlent (35-45°C),
preventing heal storage in form of latent hear in the watcr fraction, might have lead to (e elevated
temperatures ineasured in she composL.

Tabie 46:  Evnlition of the pH i compost samples
kel ot differeat locations i the binreuctor, ds well its
in the materiol after saupling.  Semuling s
1 = 20 em from the buttom, peripherys 2 = 1 m from the
baitont, perlphery, 3 = 2% g frou rite botiom, cener;
d=1n jrom the bottun, rcenter {see Figaee i)
3 = after furning.

sampling poknd

week 1 2 3 4 5

] 46 48 4.6 48 4.6
76 7.3 5.6 o.9 @7
8.3 78 8.1 84 8.2
8.6 88 87 89 87
83 a7 a4 a7 84
8.8 a7 8.7 91 a5
8.5 a8 8.7 4.8 8.4
8.0 4.5 a7 4,7 5,7

~ MUY o W

The pH (Table 46) increased sirongly during
the first 2 weeks from 4.6 to about 8, more
slowly during the 3rd week (from 8 to 8.5-9)
und remained constant thercafter,

Aflter the first weck, samples tuken a) 1he pe-
riphery showed significantly higher pH values
{7.3-7.0) than those al the center {5.5-5.0)
Taking into consideration thal the temperalures
afier 1 week of composiing measured al the
periphery {56-70°C} compared to the center
(53-63°C) were also slightly higher (Fable 453,
it seems that the depradation process in the firs
two wecks was faster at the periphery than in
the center of the bioreactor. This might be due
to a houer oxygenation, the air passing prefer-
cntiully along the wall, where the compost was
less compressed than in the center of the reac-
tor.
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The water content (Figure 74) of the fresh erganic material was relatively high (72 %) but not unfa-
vorable to microbiclogical activity.

water cantent [% FW]

time [weeks]

Figure 74: Evolution of 1he warer conten! {in %) in compost sompled ar different Incations in the bi tar, and afier
turing. Sampling points; I = 20 ¢m from the bottom, periphery: 2 = I m from the boltom, periphery: 3 = 20 cm from
the botiony, cemer: 4 = I m from the Battom, eenter (see Figure 71}

The loss of water was very important during the fiest 2 weeks {72 % to 33-41 %), most probably due
to the intensive aeration. Water addition was thus necessary after the second week of composting,
leading especially al the top to an again sufficiently homidity; while at the bottom, where the air
inlef was, the material diied quickly. The high 1emperatures during the second half of the compost-
ing process effecled a decrease of the water conteni to 34-37 % in the whole mass at the end of the
expetiment {petiphery, center, and after. lurning) by evaperative cooling, The water content of the
malerial after lurning, being closer to the malerial exiracied at the periphery, indicates that condi-
tions in the reactor were in most part rathes dry.

Microbiological analyses

IN THE COMPOST

AF numbers (Figure 75) were very high {(approximately 107 cfu/gDW) in the starting maerial, and
represented about 10-20 % of the tata) molds and yeasts. The concentration of AF in proportion 1o
the total molds increased with the duration of the experiment, so that at the end AF represented
mwore than 50 % of the total moids. Yeast numbers were particelarly high (rore than 50 % of the
total fungi) in the fresh material, and disappeated rapidly during the second week of composting
(results not shown),

The AF concentration was strongly diminished both in the cenier and in the periphery during the
first week of the composting process, even at the bottom, where temperatures did not exceed 45°C.
The low pH (between 5.6 and 5.9 in the center, see Table 46) should not affect molds, as they grow
notmally best in a pH-range of 4.5-6.3 (REIss, 1986).
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The presence of yeagts, which are favored at low pH, competing with the molds, may explain bester
the rapid disappearance of AF. Up to the 4™ week of the experiment, AF nombers stayed below
10° ¢fu/gD'W for al) the samples 1aken in the bioreacior. However, the higher concentrations {up lo
[0* efu) measured in the corpost afier mming hint a1 the presence of zanes where the thermohy-
gienization was less marked. From the 4™ week on, all the samples showed fungal recolonization, in
spite of the very high temperatures (up to 80°C at the bottom of the reactor) measured from the 5
week on, when aeration was in the sucking mode. The quite low water content might have had a
protective effect against thermal inactivation. MILLNER et ai. {1977) had reported it & quite dry
compost sample (28 % water content) taken al §3°C AF concenirations of 10° cfu/gDW, while
samples exposed 10 the same temperalure, but having a moisture content of > 45 %, yielded no AF
growth.

The number of Gram™ bacteria (Figare 75) was relatively high in fresh organic material (4-5:10°
cfu/gDW), and represented 0.01 (o ) % of the total mesophilic flora. At the periphery, their concen-
1rations remained constam during (he whole duration of the experiment {7-10%-7-10%). 1n the center,
the terperatures above 60°C reached at the top in the beginning of the composting process ceduced
tlieir numbers markedly, while at the bottom, where the temperatures attained were inferior to S0°C,
a proliferation of Gram™ bactcria was observed. In the course of the composiing process, their num-
bers varied between 1-10° and 1-10° efu/gDW at the top, and between 1:30" and 1-107 cfu/gDW at
the botiom, except for the last week of the experiment, where 8 slight recolonization of the compost
was observed.

Compared o AF, Gram-negatives were always present at higher concentrations. Their numbers
were l50 less rapidly reduced al the beginning of the composting process. Research by Droffner and
co-workers (DROFFMER & BRTVTON, 1996; DROFENER et al, 19952 and b; BRINTON & DROFFNER,
1994 DROFANER & YAMAMOTO, 19922, b and 1991) demonstraled by the use of gene probes the
presence of Gram™ bacteria (E. coli, Serratia marcescens, Citrobacter freandit, Klebsiella prewmno-
niae, Enierococcus gatlarium, Enterobacter cloacae, Pseudomonas aeruginosa, P. pseudoalcali-
genes, P, alcaligenes, and Alcaligenes faecalis) in aciive (50-70°C) composts. They presumed that
some mesophils have mechanisms for survival and perhaps replication at elevated temperatures.
The thermotolerance seemed not only to be caused by phenotypic adaptations to the thermal envi-
ronment (production of heat shock prateins), bat by mulations, involving the expression of a cello-
biase and a gytase, being involved in the DNA supercoiling, and thus the expression of a large
number of genes. The ability (o hydrolyze cellobiose, an intemmediate of (he cellulose degradation,
could be a seleclive advaatage in a thermogenic compost envirenment.

Rescarch carried om in the scope of onr project (GARCIA, 1998) about themmotolerant coliforms in
compost failed to isolate any coliforms on the medium used (Chromocult Colifonm Agar, CCA,
composition see Chapler 2.2.4), However, strains of Psendomonas putida were isolated thal grew
up to 65°C. Normally, the accompanying flora (Psevdomonads, Aeromonads) is suppressed by the
addition of cefsulodine (5 mg/) to the CCA, bul the thenmotolerant P. putida sirains showed 1o be
resistant 10 this agenl,

The number of mesaphilic bacteria (Figure 75, total count in Nulrient Broth al 30°C) was exiremely
high daring the whole duration of the experiment (6-107-10'' MPN/gDW), Higher concentrations of
these bacteria were measurcd when the lemperatures of the compost wers between 30°C and 50°C.
The persisicnce oF mesophils was most probably due to the fact that Baciflus, very abundaat in
compost (BLANC, 1998) can form spores, which aré iesistant (o high temperatares, The high con-
ceniration of total mesophilic and Gram-negative baclesia in the whole mags of compost was clearly
shown by the sampling afler turning.

Thermophilic heterotrephic bacteria (results not shown) were present at a relatively high concentra-
tion (6107 MPN/zDW) in the fresh organic waste. Their concentration increased, parallel to the
increase of the lemperature, during the first week, and remained constant thereafter at a level of -
1% 109 MPN/gDW for all samples.
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IN THE AIR

The measvrements of airbome microorganisms were carried out after 1 week and after 5 weeks of
composiing

The background noise concentration in the mid-
I dle of the composting place {withou! human

[ wind aclivities) was relatively low (Table 47), but
Cotettipom | | gursanee D) C? (}7 about 10 times superior to those detected far
e 1 from composting sites. This pollution was cer-

® tainly due to the activity on ihe apen-air wind-
0 ...- 1aw site, siluated right nex! o the place where
Compal, lurmt machine _
the measurements were carried out. For the |
week old compost, the highest conceniration of
airborne molds was measured in the hall where
Figure 76: Plan of the composting site, bers indi- the hioreactor stands.
cating she poinis where the dispersion of bacieria was

measured. arrows Indicating the direction of the mear
irement,

Toble 47:  Dispersion of Aspergillus fumigarus {AF] and total shermatoterant molds and yeasts (TTM) during various
activities, and without activity (bgn = background naise). The numbars correspond 1o the sampling sites indicated in
Figure 76, == plates completely overgrown, nol countabie,

No lsnmpling site t sctivity | AFim® ! TTM/m’*
age of compost: 1 week
2 | hall, door clased, 2 m fiom the reactar veatilation 2410° -«  |2810%. »3310°
3 jair outlel, befose the biofilter ventilation Fi] a0
4 |air after biofiller, 50 cm from the surface venlilation 50 100
S | during lurning, et 2 m, downwind tuming 220 250
age of composi: 5 weeks
1 1'middle o1 place, lownrds heap bga 30 80
§ 1dilto, putting in windrow with frond cod loader | puling in windrow 4.0-10° 4710
T {during nrning, at 1 m, downwind turning e »3310®
§ | manual saempling in the bioreactor, with a fork | sampling o = 8610

This confirms results from literature thal air contamination with microorgarisms inside buildings is
usually higher than cutdoors, duc to a redoced air exchange (MARCHAND ef al., 1995; CLARK & al.,
1983, MARK, 1992). However, concenlrations were very low compared 10 windrow or box com-
posting in closed buildings {see Chapters 3.2.3 and 3.2.5). Investigations by NERSTING et al. (1991)
about the emission of hacteria, funpi, endotoxins and dust during composting ip a indoor reaclor
showed alse only low concenirations of total microorganisms (5-10% to 3.10° cfw/m® air} and endo-
toxin (0.11-3.49 pg/m?).

Slightly elevated concentrations were measured during the ouidoor tuming of the compost in 2 m
distance to the turning machine. As the machine moved forward quite slowly, taking up the malerial
up front, and dropping it laterally, thereby forming a new windrow, mechanical manipulation was
less intense than with the machine usved at the windrow composting site (see Chapter 3.2.1.3B}, re-
ducing mold spore emission.

The higher concentrations detected afier the biofilrer indicate a colonization of the filler, confirming -
the statcment of the operation manager that it was not working properly.
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For the 5 week old compost, the back ground neise level was about the same, but the concentration
during the tuming was a ot higher, in paralle] with the higher concentrations detected in the com-
post (see Figure 75).

3.2.4.3B Experiment VI3

Physico-chemical measurements

The temperature rise (Figure 77} at the beginning of the experiment was 2 1ot faster and moare ho-
mogenous than in V12: Temperatures > 60°C were already reached after 50 hours of composting.
while in V12 il took fonr days, at the hotiest spot (top) to reach this iemperature (Figure 72).

a0
a0 ]
70 4 ! . / \'*
E 60 1 \
1 '
2 s
] a0 Af f
% !
£ a0
—— 0.2 m from the bottom (T1)
30 - — — 0.8 m from Ihe bottom (T2)
----- 1.8 m brom Ihe bottam (T3)
20 4 50 cm baiow the compast
surjace {control temp ., T4)
10 T T T T : T — T
o 1 2 3 4 5 6 7 8
time [weeke]
Figure 77: (n-line lemperanire F with 4 placed in the bioreactor.

This was most probably due to the different acration modes: airflow was constant during the first
week in V12 (10 m® fresh air and 30 m? recycled airft-h), bul the compost in V13 had alrcady aer-
ated from the beginning on in Ihe temperature control mode, resulling in a lesser air flow, and thus
lesser cooling. The high lemperatures were maintained in the first week almost in the whole mass,
except at the bottom (T1). where it decreased slightly to 50°C.

After the first turning, a fasi temperature rise was observed, but then temperatures declined rapidly
to 15-20°C, due to a defect of the temperature control system, resulting in a too strong acration. Al-
though aeration was completely stopped for three days, no re-heating cccutred; however, a drying of
the material could be prevented (see Table 48).

After the second tuming, and walering of the compost, the temperatures rose again, bat very slowly:
it took three days for the compost at the op of the bioreactor (T4) to reach the control temperature
of 65°C. This lemperature was only reached in the very top layer. At 1.8 m (T3), the temperature
was 55°C, and the temperatures at the bottom (T 1} of the reactor did not exceed 30°C.

In the fourth week, slightly higher temperatures were recorded (T1: 35°C, 1.8 T3: 60°C), although
they were in general 3-10°C lower than those at the same stage of composting in V12,
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Results and Discussion Field studies - Bioreactor compasting

From week 5 on, under inverse aeratien, the temperature evolution was similar to that in V12, Very
high temperawres {80°C) were maintained in the whole mass for 3 weeks. Only in the last weck
{week B) did a significant temperature drop occur, in contrast 1o V12, where this had already hap-
pened in week 7. The lake temperature decline was most probably connecied to the delay of the deg-
radation process in the second week. Other results (mass reduction, degree of degiadation, organic
matter content; results not shown) also indicated almost no changes of the material during the first
two weeks of the composling protess.

‘Table 48 presents the temperatures read at the sampling zones prior 1o sampling.

Table 48:  Evolution of the composnt temperature measured at 20 cm and | m from the bottom of the blorencter priar
10 sampling, and af the pH measured in the samples taken ai the same poinis were the lemperglure measuremenis had
been carriad aut.

weeks| ¢ | 3 | 2 1 3 | 4 | 5 | & | 1T 1 B

lemperature

20 em {rom the bottom (sample 3) 25 B2 15 32 37 81 77 B4 [i1:]

| m from the botiom {sample 4) 26 61 20 55 58 77 82 71 57

pH

20 cm fram the bottom {sanple 1) 4 515 1 765 | g02 | 7ve | 8208 | 860 | 843 | 808 | B8

1 m from the bottom {sample 4) 515 { 782 | 817 | 797 { B30 | 832 | A.23 | 866 | A.69

Temperatures were for the first 4 weeks higher at a height of | m than at 20 cm. Later, from ihe
moment on that the direction of the acration was inversed (from top o boftom) higher 1emperatores
were observed at 20 cm.

The pH increased strongly during the first week (3.2 to about B), and slowly thereafter (8.6 al the
end). The pH in the compost 1aken at 20 cm from the bottom of the bioreactor rose slightly slower
during the first four weeks than in the one taken at | m. It seems that the higher temperalures meas-
ured at 1 m (55-60°C) effected a faster degradation. This coroborates the observations made for
Vi2

Table 49 Evolution af the water conlait {in %) in The water content (Table 49} remained rela-
compost sampled ot the wp and at the botiam af ihe tively constant during the whole experiment

bioreactor. Mean values and standard deviatian (™) ..
are presenied I brackets: na af 10 grom semples (60 % of water at the beginning to 45-50 al the

toker. end), and was al any moment sufficient for a
correct composting process. The malerial was
week | 20 em from the bottom | 1 m from the bottom always slightly diier when temperatures were
{sample 3) {seanple 4) elevated {during the first two weeks at the top,

0 S9.8 26810 59.8 = 2.8 (10) then at the'bottom).
1 40.2+1.6(5) 50,0 £0.8 (5) To test the homogeneily of the samples re-
2 556+1.3(5) 53542115 garding their moisture content, 5-10 10 g sam-
3 60.0+4.2 (5) 533206 (5 ples were taken and dried eccording to the
4 52.2:0.4(5) 53.6 418 (4) standard proceduore (see Chapter 2.2.5). The
5 57.5:0.8(5) 57.9+0.9(5) results showed a siandard deviation that varied
6 552 £ 0.4 (3) 569+ 065 hetween 1and 7 %, the biggest differences,
? 52307 (8 48.8 +1.1(5) with one exceplion, being observed in the
8 455+1.3 (6) 48.7 =08 ¢5) starting material. The homogeneity of the ma-

terial being considered sufficient, one 100 g
sample was used for dry weight determinations
in further experiments,
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Results and Discussion Fiald studlas - Bioreactor composiing

The differences ohserved for various other parameters beiween the twe experiments might be due to
the different starting material: this contained in V13 more gaiden waste, resulting in a higher initial
organic matter content {73 % in V13 versus 68 % in V12), and pH. However, the less important
total OM reduction (12 % in V13 versus 18 % in V12) reached at the end of the experiment showed
that part of this organic matter was only difficult to degrade. The higher percentage of woody mate-
rial led also 10 an inferior CO; production (kg CO;z x kg compost” x ') compared 10 V12 (results
not shown).

Microbiological analyses

The initial concentration of AF {Figure 78) in the starting organic smaterial (2:10° cfu/gDW) was
almost two orders of magniiude lower than in V12, This might be due to 1he higher amount of gar-
den waste in the initial mixture, The fast temperature rise during the first week up to 65°C {Figure
77) 1educed the number of AF at the top of the bioreactor to 1410° cfu/gDW. At the bottom, how-
ever, where temperatures did not exceed 60°C during the first four weeks, their nomber continued to
increase. The same was observed at the top, where 80°C were reached again only at week 3. During
the second half of the experimem, 1he concentration of AF bepan to decline in the whole compost
mass, though more strongly at the bottom, where higher temperatres (> 80°C) were measured.
When comparing the cvolution of AF in V12 and V13, it seems that (he generally higher tempera-
tures in V12 had a better hygienization effect.

1 m from the bottom, center {sampla 3)

12
3 Aspeniflus Aurmigaius
10 W Gram-negafiva bacteria | |
2
2 =
o o
| Mg Sy
:%P!I 4 o
il L1
8 7 B
-3
=
o
%]
oh
2

time [waeks]

Figure 78: Evolution af the concentration of ALperpifius fumigatar and Grom™ bacteriz measured in the cemter of the
biareaciar. Errar bars are the standard deviation of replica dilution series.
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Resuls and Discussicn Field sludies - Bioresctor composiing

The evolution of Gram™ bacteria followed closely that of AF, bul their concentitation was always
between 0.5 to 2 order of magnitudes higher than the latter. The results of (he fecal coliforms deter-
mined on Modified Tergital Agar, after incubation at 44°C, are not shown, In fact, this presamably
selective medium for coliforms showed to support {he growth of high numbers of non-coliforms: of
7 colonies, tested after 24 h of incubation, thal showed 1he red color typically of coliforms, only
I was oxidase-negative, thus presumably @ coliform. Afler a further 24 h of incabalion, 9 out of
14 colonies were non-coliforms. 1dentification of the sirains with the APT 20E sysiem showed the
presence of the coliforms E. coli, K. pneumoniae, K. oxytoca, P. mirabilis, Enterobacrer cloacae,
E. agglomerans, and with the API20NE system, the non-coliforms Psewdomonas ssp, Serra-
tia liquefaciens, Chramobacter viotaceiwn and Flavobacterinm mulitvorum. No identification of the
olher oxidase-positive strains was possible,

Thermophilic heterotrophic bacteria (THB, Figure 79) were presenr an high concentrations (2-10°
MPN/zgDW) in the fresh organic waste at the beginning of the composting process, similar to (he
results in V12 {results not shown). THB numbers increased stonply (from 10° 10 10" MPN/gDW}
during the first week of composting. In spile of the relatively low temperatures measured in the
compost (16-60°C), their number remained constant during the weeks 2 to 4, and decrgased thers-
after slowly to reach approximately ibe inilial values at the end of the experiment. The thcrmogenic
phase (60-82°C}) of the last three weeks did not favor the proliferation of this group of bacteria.
Idemifications showed thai at an incubation temperature of 60°C, thermophilic heterotrophic Bacill
were lhe dominant genus, while @ higher incubation temperatare (75°C) bacteria related 10 1he ge-
nus Thermus could be isolated. In moderyely thermogenic (< 60°C) composts of Vi3 {first weeks)
the number of bacteria related 1o Thermus was low (< 10° cells/g compost), while their numbers
increased strongly (]D’- 0% cells/g compost) at the end of the process, where high temperaturcs
{65-85°C) were measurcd (BEFFA er al., 1996).

1] |
10 1
o —
2
g —|
= ;
B 4] i EE EX Gy
1 20 ¢m from the boHom {sample 3)
6 SN 1 m from the botlem {sampte 4)
&
4 E] [ 7 B
time |weaka]

Figure 791 Evobution of thermephilic heterotraphic bucieria diering composiing in & bivreactor. Errar bars are ihe
standard devintion of replica ditution series.
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Results and Discusslon Field studies - Biereactor composting

3.2.4.3C Assessment of the perfermance of the compesting aystem

For both experiments {V12 and V13) two distnct phases of the composting process could be ab-
served: a first phase (week 1-4) with temperature control at 65°C, with blowing aeration from bot-
tom 1o top and a secand phase (week 5 10 the end of the experiment} with no temperature control,
but a fixed aeration cycle, with sucking aeration from the top to the bouam.

Phase | was characterized by rapid, but inhomogeneous lemperature increase, temperatures being
up to 50°C higher at the top of the bioreactor than at the bottom. STENTIFORD ef al. (1985) observed
in piles zerated with positive pressure ihe highest temperatures near the apex. A horizomal tem-
perature gradient was also observed, the periphery being much cooler than the center, die to heat
tass by radiation, but alse to the possible exisience of preferential air channels along the wall of the
biareactor. Becanse of the termperature contral by the acration system, temperatures hardly exceeded
70°C. Tn bolh experiments, the composting was slowed down at one moment (V12: week 3, V13
week 2), most prabahly due 10 a 100 strong dehydration and cooling down of the composting mate-
rial by a surplus of air. Under these inhomogeneous conditions, the destruction of polential patha-
pens was not assured. The very low temperatoces (30-50°C) even allowed the proliferation of indi-
calor biacterin and fungi. The most important physical {mass and volume reduction} and chemical
{pH, organic matter, Ratiegrad, C/N ratia) changes of the compost material happened doring this
first phase of the process.

Considering the iinpartant temperatore gradient and the problems with desicculion, the gquestion
arises if it would nat be advisible ta augment the set point of the temperature contral w 70°C. This
woutd leud to o lesser air demand of the system, thus 1o lower energy consumpiion, bui alsa to lesser
drying of the compost at the bottom part of the bioreactor, and thus to higher tempemtures in the
lower pan of the reacior.

The second phase showed a mare homogenaus temperature distribution in the bioreactar, althongh
the compast at the batiom of the reacior was hoiter than thac at the top. This confimms the observa-
tinn of STENTIFORD et al, {1985), whoa detected, in the case of negalive pressure compost aemtion,
the hat zone in e lower part of the pile, near the aeration pipes. Temperatures in this second phase
were considerably higher (70-85°C), most probably due to the diminished seration that allowed
maintaining oxic canditions, but effectcd no cooling of the material. By the aclivity of the serobic
microflora, sctivaicd by the turning (redistribulion of murients and water), Icmpcralures rose
quickly, accompanicd by an augimentation of the CO; production (kg COu/kg compost). However,
the very high \emperawres reached seemed (o promptly lead fo a self-limitation of 1he microbial
communily, translated by a temperature decline and a drop in CO; production. Microbial activity
did not resume, enly re- mixing af the malerial could provoke a new Iemperature increase, Supposi-
tions arc that the availability of easy degradabie substrates was the limiting factor for growth of
thermophilic arganisms. In this coniexi, the polymer {(hemicellulose) degradation potential of the
highly thermophilic genus Thermus, present in very hot composts in high numbers, is the subject of
rcscarch al our luboratery (P(ERRE-FRANGCOIS LYON, personal communication). Alse, the importance
of a temperature gradient for the camposting process was investigated, e.g. the cleavage of polymers
and/ar the praduction of enzymes in the colder zones, and cansecutive cansumption of the mono-
mers by the thermophilic flem, or the polymer hydrolysis by thermostable enzymes in the hot zone,
A prerequisife far this would be af course a mixing of the materisl. The experiments V12 and V13
showed clearty the importance of tuming, not only to redistribute nutrients, end o break vp prefer-
ential air channels in the composting mass, but also to allow rehydration of the campost, Mare lre-
quent lomings al the beginning of the process, at the moment of strongest aeration, would allow to
better control campost humidity.
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In spite of the elevated temperatures, the thermo-hygienization towards potentially pathogenic mi-
croorganisms was only pariial, Normally, lemperatures of 65°C-75°C shonld be sufficient to elimi-
nate or 1o greally diminish the concentration of polentially pathogenic microorganisms (Haug,
1993). As we did not rake the samples, a possible contamination during sampling might have hap-
pened. Another explanation could be the formation of thermmolerance or thermoresistance in oth-
erwise mesophilic organisms (see discussion of V12 and V13 aboul califorms and Gram™ bacteria,
and Chapter 3.].4.2 about the thermoresistance of spores). The observed killing effect of high tem-
peratures on mesophilic microorganisms at the beginning of the composting process, but no mere
towards 1he end, seems to confirm this "Mutant Theory”. 1s therefore very important to reach high
temperatures (65°C 1o 70°C) very fast at the beginning ef the composting process, in order to avoid
thal such thermotolerant populations can farm. STENTIFORD et al,, (1985) proposed for hest patho-
gen inaclivation in & stalic compost pite a hybrid asration system with an initial negative pressure
period producing high core temperatures. Al the moment when the set temperature (60-65°C) can no
longer e hold, acration should be reversed, causing the high tempersures to move towards the
ourer layers. Altemnative blowing and sucking acration might alse lead to a vertically motc homoge-
nous temperature distribution.

The aim of our participarion in the experiments, contrived by the responsible persons of Buhler AG,
being to provide some information about the microbial quality of the compost, we had no influence
on the experimental arrangement, nor did we had access to dava from ether axperiments er to some
proprielary information canceming the temperature control program. Collaboration with Buhler AG
ended afier 1hese Iwo experiments described above, becaunse they did not continnes with the same
type of stanting material. There was thus no possibilily to test some of our prepositicns for a modi-
ficd composting process.

‘The bioreactor was a model at pilot-scale te test the influence of differemt composting parameters
(type of stanting material, aeration regime) on the behaviar of the compesting system and the quality
of the compost produced. No information was available how closely the conditions of the large-
scale system could be reproduced in the pilot-scale reactor. Certainly, horizontal temperalure gradi-
ents would be less importani if a larger volume would be composted. On the other, the mixing of
the material would probably be 1ess intense, as it is left more or less in place. Also, emigsion of
spores, at least at installarions that are not in a compleicly closed hall, would be more substantial. In
the case of treatment of the vitiated air, the performance of the biofilier conceming microorganism
rerention should be examined.
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3.2.5 COMBINED METHANIZATION AND BOX COMPQOSTING

3.2.5.1 OESCRIPTION OF THE INSTALLATION

The composting and methanization site "Allmig” is situated in the agglomeration of the 1own of Zug
in a special zone (composting zone), about 500 m from the next housing area. The site was opened
in 1987, and uatil march 1994, compost was produced in big flattop open-air windrows. The shred-
ding machine and part of the stocking area were roofed.

The new part of the installation that was put in operation during summer 1994 (Figure 80) allows
the combined composting of structured garden and park wasie in boxes, logether with pre-
methanized kitchen waste, The biogas that results from the fermentation is buned in a co-genera-
tion power plent. This produces enough electcicity (1/3) and heat (2/3) produced to caver the entire
power demand of the installation. Of the 15000 tons of biodegradable waste from 14 communities
{about 110YKK) inhabitants) treated annually, 6000 tons are wet kitchen waste that is suitable for
methanization (data from 1993). 85 % of the compost produced is used in agriculture,

|="=ale ] . shredder with

sorting belt
stocking area wood chips |
stocking feeding
area hoppar

.
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000 e wngra |0 L7
O O %\ Fiafiter - | fermentar

Figure 80 Ceneral view of the compossing instatlarion Aflmig (--- roafed areas).

The source separated biodegradable waste is, priot la the passage (hrough the shredder, fractionated
into a wet (= methanization) and a woody (= composting) component. Before and after shredding,
foreign materials are sacted out by hand. The shredded materia) is poured in the feeding hopper, and
from there conveyed to either the fermentation tank or the rofting boxes.

Methanization: The wet waste gets shredded a second lime priot to enfering t lhe fe.rmentor where
the material stays 18-20 days. The horizontat fermentor has a volume of 450 m’. 20-30 m® Kilchen
waste can be added daily, and about the same amount of fermentor sludge can be extracted. The
_methanization takes place at 54-57°C. In the starting phase, the produced biogas contained 50-
55 Vol% methane and 45-30 % CC;, during continnos operation later on, the methane content was
raised to 60-68 Vol%.
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Composting: The composting lakes place in
boxes, which are in a completely closed hail
(see Figure §1). The total {4 boxes are arranged
in two rows. Each row has its ewn filling and
emptying system. Two boxes on each row (no I,

2, 26 and 27) are equipped with an aeralion

system (positive {blowing)} or negative (suck-

ing) pressute). Bach box (12 m long, 5 m large, taf o| jaof 3 48 o8 T

3m high) contains 180 m’ compost, which is 0.0 0:0:0.00 2908006000 4
composed of 150 m® garden and park waste and [

a0 ITI3 methanized kitchen waste. Figure 61; Schemaiic of the closed rowing  hall.

The ﬁlhng‘ tuming and emptylng of the boxes Number = box namber: V = aeration.

takes place automaticatly with a system of con-

veyer spirals. For turning, the Jowest compast

layer geis transported out of the box by means of hydraolic scrapers, the material gets mixed, if nec-
essary water is added, and is then filled on lop of the heap. In function of the density of the com-
posting material, a layer of 50-100 cm gets mixed per turning, Each box is tarned 2-3 times per
week, The air in the rotling hall is warmed with the exhaost air of the co-generation power plant.
The waste air of the olting hall is cleaned in a biofilter (counter-current sprinkler systemy.

After a composting time of 4-5 weeks, the compost is evacuated from the hall, and piled in big
heaps for coring during three weeks. During this time, the material is turmed once 2 week with a
front-end loades. At the end of the curing time the compost is screened to different sizes, dependent
on its end use (agriculture, horticulture (mixed with soil).

All process steps during methanization and composting are compater coatrolled. Temperatures
(| temperature probe per box, 1 m from the ground, 1.2 m long), &ir humidity in the rotting hall and
compost material movements (filtling, emptying, watering, aeration, addition of fermentar material)
are monitored on-line, All data is registered, and can be printed ont for control.

The installation was classified as a piiot and demonstration site. Under its supervision, the mass and
energy balance of the combined system were drawan np doring the first two years of operation, op-
erational daia got collected, and quality analyses of the end product as welk as assessment of the
odor emissions in the vicinity of the site were caried oul. These analyses were continued without
help from the SDE for the following years of operution by the operator himself.

3.2.5.2 FIRST EXAMINATION (OCTOBER 1994)

3.2.5.2A Experiments carried out

The objective of the first examination of the installation carried out during October 1994 was to
abtain first data about the quatity of the composting process and that of the end preduct, The micro-
biotogical and physico-chemical analyses should allow a judgment of the process, and serve as base
in view of futare improvements. During this first inventory, the fermentor was not functional yet;
the installation was in operation only since 4 months.
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Resulls and Discussion

Table 30:  Measuriag and sampling points.

ho samples box no depth (om)
i 1 week 27 100

2 2 weeks 1b 20

3 2 weeks 1b 80

4 3 weeks 21 0

5 3 weeks 3 b[¢

[ 1 weeks 21 5Q

Field studles — Methanization and composiing

Physico-chemical measurements: the following
parameters were measured in composis of dif-
ferent maturity (see Table 50), and at different
depths (0 to 300 cm) of the heaps: tempetature,
O,, CO;, CO, CHy, HzS. The measurements
were made af a distance of 2 m o the middie
aisle of the refting hall, in the middle of the
box. As the boxes were not filled very regularly
with compost, care was taken to execnie the
measnrements not in a indentation or on a hilt,

in order to get data that woold be representative of the whole box, Measuring dievices were as de-

scribed in Chaprer 2.2.1.1 and 2.2.1.2.

Bioacrosol measurements: the concentration of Aspergillus fiumigatus, thermotalerant molds and
mesophilic bacieria was measored at differeat werking places in the installation:

# in the rolling kall {middlz aisle}

* puiside the hall where the compost was stocked, between the different compost heaps

& during the manual sorting of shredded material, next ta the person warking

« during the mannal sering rejects of the screen, next to the person working

& in the exhaust air of the biofilter, immediately after the exhaust tube

Measurements were carried with the SAS Super 30, For detailed meshods see Chapter 2.2.2.

Sampling: at the same points where gas and temperature measurements were carried oul, compost

was sampled zs described in Chapter 2.2.3.

Microbiclogical analyses: Aspergillus fumigatas, iotal thermoiolerant molds and yeasts, thermo-
philic and mesophilic bacteria. For detailed methods, see Chapter 2.2.4.

Physico-chemical analyses: pH, dry weight. Far detailed methods see Chapter 2.2.5.

3.2.5.2B Results
Physico-chemical measuremenis

COMPOST IN THE ROTTIHG HALL

Table 51 Temperawre and gas concentralion mens-
uremennts in different depihs in § week old compast that
war not yet ered (hax ng. 27,

depth [temp. | Oy | CO: | CH, | H;S | NH;
fem] § 1°C1 | %) | 1%] | (%] |{ppm]|{ppm]

0 52 (1051 186 41 i} 1
50 48 29 [ =20 |50 3 i
100 42 1.0 nd | =50 5 nd
200 35 nd nd nd nd nd
270-300| nd nd nd rd nd nd

Compared fo the ather installations examined
(open-air windrows (Chapter 3.2.1), box
(Chapter 3.2.2), teench (Chapler 3.2.3) or bio-
reactor (Chapter 3.2.5)), temperafures in com-
post, which was nevertheless already since 5
days in the box, were very fow {Table 51}. The
sorface, where some oxygen was detecied,
showed the highest temperatures. In the depth
of the box, conditions were completely anoxic,
in spite of aeration, leading to a very stow heat
production.



Resuits and Discussion Fiald sludies - Mathanization &nd composting

For experimental reasons, zeration did not happen with fresh air, but with air thai had already been
used for the aeration of 1he box no 26, Figure 62 shows the gas kinelic measurements in box 27.
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Figure 621 Gas kinetic measuremenis af Oa, CHy and H,5, earried our in 160 em depth in the 5 days old compost that
was rot yat turned, Pressure aeration: 200 1A (= 0.06 8ty weigne)

Phase A: air from sucking oeration af box 26

Phase B: fresh air

Phase C: no oeration.

The measurements during the phase A showed 1has the air that had already passed through the box
26 was "used”, e.g. it did nol conlain any oxygen anymore, and was even "enriched” with merthane
and hydrogen sulfide, both gases stemming most probably also from anacrobic metabolisms in box
27.

When aeralion happened with Iresh air (phasc B), an almos: immediale increass in oxygen, and a
decrease in CHy and H3S concentrations was observed. Due to the very low acration power
(0,06 m*h-te welgty, Compared 1o literature values (see Chapler 1.6.3) and data of the other instal-
lations examincd (see Chapters 3.2.2 and 3.2.3 and 3.2.4) of wns of m’fh-l), oxygen increased
within 40 miautes to onty abow 10 %,

When the ascation was stopped (phase C), oxygen was consumead by the microflora, and afier an-
other 40 minutes, Oz coneentralions again below 1 % were ceached. Parallel, hydrogen sulfide was
formed, while 1the very oxygen sensilive methanogens had not yet resumed their activity.

These gas kinetic measurements show the enonmous oxygen demand of the mieroflora in 1he fresh
compost, leading, if no adequate aeration was provided, immediately to anoxic conditions. For 1his
_reason, the aeration cycle as it is in used al the present moment in the instailation, is one air pulse
every 0 minutes.
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Tabie 52: Temperature and gas conceniration meas.
uremenis in different depifia in the 2 week sald camposi
ikar wes turmed pwice fbox 1b),

depth jdemp, | Oy | CO; | CH, | H;5 | NHy
feml | 1°C] [1%:1 | 1%] | 1%] | lppm] | lppm]

50 45 | 88)] nd 0.55 h] nd
100 43 |11 20 |»>50)] 14 o
200 5 (nd | nd nd g ne
270-300 | 40 nd ne nd nd nd

Fiald studias — Meihanizallon and composling

In ihe 2 week old compost {Table 52), a hesi-
tant heafing of the mass was observed. The
lemperalure gradient was opposile that of the |
week old compos!: the microbial activity led 1o
higher temperatures in the deeper layers of the
box. The air supplied to the hall (the box 1b
was situated directly beneath the ventilalor)
cooled the surface. Also in the 2 weeks old
malerial, condilions were anokic below 1 m
depth, in spite of the acration system installed
in this box. A too great cooling of the boxes

sitnated right beneath the ventilator could be avoided threuph the pre-warming of the air entering
the rotting hall with the waste heat of the co-generation power plant. This was planned, but at the

moment of the examination nol yet realized.

The very low oxygen content iz the compost indicated that the turning, carried ont at low frequen-
cies (once a week), snd including not even the whole mass in the box (at each turning, only about
V4 of the compost at the bottom of the box is evacuated, and, by a spiral system, re-filled at the top),
did not lead io a sufficienl oxygenation of the material. Much more frequent tumings, andfor the
insiallation of an adequate aeration system would be indispensable.

Table 53 Temparatire and gas concentralion mear-
werements in different dapths in 3 weeks old compesi 1hal
was turned 6 times {box 6).

dep'l.h tﬂl‘lp 01 CO‘ CHq H)S NH]

lem] [ {°Cl | (%] | (%] [ (%] {{ppm]|{ppm]
pL 42 |50 16 (445 0 | 2
50 51 |22 )| ad |»50] 2 | nd
1w | 57 [07]>20]>50) 11 [ <2
200 | B1 | nd | no | pd | nd | nd

210-300 | 37 | nd | nd | nd | nd | nd

Table §d: Temperature and gas corceniraiion meas-
uremants in different depths in 2 weeks old compost that
was turned 5 times (box 24),

depth |iemp | 0, | €O, | CH, | H)S | NH,
lem) _| °C] | [%) | |%] ; 1%] |lppwi | [ppm]

20 69 | 65 | 15 | 0.8 0 0
50 74 1147 | nd | 0B 0 0
109 5 | 46 | nd ) 1.8 0 nd
0 57 nd | nd | nd | nd nd
270-300 | 40 nd ! nd | nd | nd nd

In the 3 weeks old compost {Tahle 53), the
highest temperatures wete measured in 50-100
cm. In this zone, enough oxygen was available
to altow the activity of an aerobic microflora.
The heat production in this otherwise not aer-
ated box might have led to a convective air
movement, laking air in at the side of the
boxes, which were not filled very evenly. An-
other passibilily of air supply rtight have been
the venlilator ihat supplied air to the hall, and
that was sitosted right above the box. The
tower temperatures at the bottom of the box let
suppose that there, conditions were again an-
oxic.

In the 4 week old compost (Table 54), a tem-
perature decrease was observed. However, deg-
radation of organic matter was by far not fin-
ished, as showed the measurements of the cur-
ing compost (compare Table 53). The tem-
peratore decline might be caused by the deple-
tion of the sobstances that were degradable
onder gnoxic conditions, as most of the meas-
ured points showed only very low oxygen con-
centrations. The fow pH (see Table 56) also
indicated that conditions were mainly anacro-
bic during the whole rotting process in the hall.
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Results and Discussion Fie'd studies ~ Methanizatlan and composiing

COMPOSTS OM THE CURING PAD {ROOFED)

The high temperatores that were measancd at almost all the locations (Table 55) showed clearly that
the composl after the treatment in the halt stidl conained & great amoum of substances degradable
under oxi¢ conditians. In fact, the temperature evolution during the 4 weeks of curing resembled
that of windraws put up with [resh biodegradable wasic {(see Chapter 3.2.1): in the 1 week old car-
ing heap, the 1emperalures were highest 3 the surface, where oxygenation was optimal, In the
course of coring, the temperature front moved 1owards the center (FERNANDES er al., 1994, MILLER
el al., 1989), due 1o heat storage in the compost material,

Table 55: Tempenainre in e curing compasls (afler & weeks of corponiing in tae roating hall),
Measuring poimt A:  fromhe iop, vertieat

Measuring poird 8 1.5 m front the ground, in an angle of 45°, lateral

Measuring poing C: 20 cen from the ground, horizonial

curing time 1 week 3 weeks 4 weeks
Yocation pyramidal heap, 4 m high, 1able gile, 2.5 m high, table pite, 2.5 m high,
2.5 mdi al 1he foot 10 mi long, 4 m wide 10 m long, {-3 m wide
depth lem) A B c A B C A B c
20 72 76 - 76 45 i 7 E6 40
50 65 73 - 74 o8 55 fal 419 39
100 59 66 - 65 53 64 68 1 4
115 56 53 - 60 - 54 63 - 38

In the 4 week old curing compost, lemperature began 10 fall, in spite Ihe fact that the compast had
been restacked several times, normally enhancing bacterial activity. This temperatare decline might
this time really be due 10 a depletion of the organic substances

PHYSICO-CHEMICAL CHARACTERISTICS OF THE SAMPLES

Table S6:  Physica-chemical  characierisiic of  the Table 56 compiles the physico-chemical pa-
sampies, For deseription of he sitmples, see Table 50, rameter of the samples 1aken from 1he boxes in

o 0, | temyp. (°Cl | O oH the rotting hall. From each box, samples had

been (aken ar locations tha! showed differemt

1 oxic 47 53.8 5.35 X

> T anom 50 64.2 oy temperature and oxic stafes.

3 1 anoric 78 617 585 The pH of almost all the samples was below 6.
+ T ome 3040 896 578 Only in the 3 week old compasl, where tem-
5 oxic 50 Y 5.68 perature and oxygen measurements indicared
6 | onic 74 525 7.10 acrobic degradation, did it rise to pH 7, These

low pHs are an indication that anaerobic me-
tabalisms prevailed during the whole process
in the rotting hall, leading to the productien of
crganic acids. On the other hand, the low pH delayed protein degradation, which is fasiest in the
range of pH 7 to 8 (NAKASAK) ef al., 1993), and which would have induced a pH rise. Under normal
composting conditions, a pH above 7 is observed within 1-2 weeks {see Chapter 1.6.7 and 1he re-
sults of the other installations examined).

1H2




Results and Discussion Figld studies — Methanlzation and composting

The water content of all the samples was very high, mestly above 60 %. While lhis'hy itself does
1ot inhibit & correct composting precess, it could, in view of the depth of the boxes, lead 1o cem-
paction of the material at the bottom (ses Chapler 1.6.6). However, the turning system, which takes
material from the bottom and re-fills it at the top, will counteract this problem. Nevertheless, the
constant water content is another indicator that the material did not show much degradation during
the rotting in the hall, the low temperatures and the missing or inadequate aeration leading lo hardly
any evaporating of water,

Microbiology

IN THE COMPOST

Figure 83 shows the concentration of AF and thermolalerant molds and yeasts in composts of dif-
ferent temperature and age.

8 The AF nurnbezs in the 1 week old compost
7 +{ =3 Aspergillus fumigatus — was approximately 5107 cfufgDW, compa-
g || === thermotol. molds and yeasts |._| rable 1o concentrations found in other com-

posting system in malerial of the same age.

Fhe higher concentrations of twial thermo-
tolerans fungi were attributed 1o the occur-
rence of yeasts, which are normally found in
high numbers in fresh compost, when pH is
Tow.
The 2 week old compost, almost completely
anoxic, did not snpport the growth or sur-
vival of any AF. The other thermotolerant
fungi, due to the low pH still mainly yeasts,
could be found in high concentrations at the
Figure 63: Cancemtration of Aspergilfus fumigntus and surface, where temperatures were permissive
thermotalerant molde and yeasts in composts of differeni for their growth, but only in very small
temperature ond age. Columns wilh an * indicate valugs nombers in the depth, where the very high
below the detecion limit (10 ofi/sDW). temperature (78°C) severcly inhibited fungal

I = | week, - 100 cm, 47°C, oxic growth.

2= 2 weeks, -20 em, S0°C, anoxic In the 3 week old compost, the oxygen con-

3 = 2 weeks, -80 cm, 78°C, anaxic tent did again permit mold growth: it was

4= T weeks, surface, 30-90°C, oxic most important at the surface (more than 10

5 = 1 weeks, -10 om, 60°C, axie \ Th s .

6 = 3 weeks, -56 om, 73°C. oic cfu/gDW), and declined \:d'llh increasing

compost depth, parallel to increasing tem-

peratures. Still, yeasts were present in high
concentrations {approx. (¥ cfu/ gHW).

log cfuigDW

sample number
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Results and Discussion

Tabls 37:  Mesophilic and thermaphilic bacreria in

Field studias — Methanization and compasting

Table 57 presenis the conceniration of

campos1 of differem ¢ and age. Sample de-  mecophilic bacteria (in Nuirient Broth a
scription see Table 50. 30°C). They were present in high numbers: in
no, | T00P | o | mesophiles | thermophiles four of the six samples, their MPN was >10™.
[°C} [MPN/gDW] | [MPN/gDW] Thermophilic bacteria {in Nutrient Broth at
1 47 onic 17:10° 1.41¢ 60°C) values were contained between | 108 and
2| 50 lenoric| >330° | 18107 1-10° MPN/ gDW, except in the 2° week,
3 78 | anoxic ’3"08 51-10° where 510° MPN/gDW where enumerated
4 | 3040 | exic | 1710 1710 from the very hot sample (78°C) 1aken from
51 60 | oic | >310 6.6:10° the depth of the box. Neither the quite low
L] 73 | odie | >310 3.21¢" oxygen content nor the low pH did scem to
tnfloence greally the thermophitic numbers
(Branc, 1998), they were presenl in concep-
trations comparable to (hose in olher composl-

ing systemns {see Chaplers 3.2.1 10 3.2.5)

N THE AIR

Table 58:  Concentrarion of Aspergiiluy fumigatus (AF), 10ta! thermotolerant molds (TTM) and mesophilic bacteria

(MB) in the air a1 different locatians of the cimposﬁng site. The resulis are piven as et air. oo: pldie avergrown, no

counting possible.

sampling plate AF T™™ MB
in the rotiing hail 9HD 1.3.90° 1.210°
in the storage (roofed) 30 90 210°- » 7-10°
air at the exit of the biofilter 330 490 » 710"
working place; sorting band shredder 440% - oo 6107« » 2 10° a40'. » 390°
working place: sorting band screen 90 210 210> 3.19°

At all the samgling locations (Table 58), AF concentrations were higher than in unpolluted air
(0-10 cfu AF/m” air), the highest concentration being measured ai the working place of the person
who was manually sorting foreign material out of the shredded maierial.

Higher microbial concentrations were measured in the rotting hall than omtdooss. It hes lo be men-
tioned though that at the day of sampling, 1he lnming installation was out of ordet, 0 no compast
movement happened. AF constituted 50-80 % of the total fung!, dependent of the sampling location.
Mesophilic bactesia were present everywhere in higher cencentrations than fungi. No determina-
tons were made concerning the natnre of the mesophils, but analyses by REINTHALER ef al. (1997}
of the composition of airborne bacleria in a enclosed table-pile composting installation showed fre-
quent isolations of coliforts (Enterobacter, Serratia, Klebsiella), Xanthomonas, Acinetobacier and
Pseudomonas. This confirrs 1hat the species freguently found in compost were emitted, and could
be found in the air.

The biofilter was holding back about 2/3 of the fungal spores contained in the air of the colting hall.
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Results and Discussion Field sludies - Methanization and composting

3.25.3 SECOND EXAMINATION (MAY 1995)

The second examination of the installation, carried out during May 1995, was meant to show the
installation in full function. Unfortunately, the fermentor was still in the start-up phase, the sludge
produced was a mixture of methanized liquid manure and kitchen waste. Also, it was not possible,
as intended, 10 rake samples from the fermentor, and none of the boxes was acraled, due to problems
with obstrucied ventilation lines. The results given have thus only experimental character. The op-
erator confirms that during the observetion time by the SDE {1996 and 1997), and also later on, the
fermeator was working very reliably.

3.2.5.3A Experiments carried out

Physico-chemical measurements; the fol- Table 39:  Measuring and sampling points.
lowing parameters were measured in com-

posts of different maturity (Table 59), and at no |samples boxne | depth {cem)
different depths {0 to 300 cm) of the heaps. ‘ 1 _[abier sheedding - -
Pammeters determined: temperature, Q,, | Inthe olting ball

CO;, CO, CH,, H;S. Measurements were’ 2 [Sdeys . 26 5
camried out vertically from the top of the 3 |1 week 22 Yo
box. d 12 weeks 5 100
Additionally to our own measurcments, the 5 125 weeks 3 100
personuel of the installation had moritored 6 {3 wocks 21 100
the temperatures in 30 and 100 cm depth | I the storage under roof

every 2-3 days for each box, Date of tuming T | exit hall (4 weeks) 7423 50
and weter addition was also registered. 8 |12 weeks, hot - 30
Measuring devices were as described in 9 |12 weeks, cold - 10
Chapter 2.2.3.1. and 2.2.1.2. 10 | B weeks, screcned - 20

Bioaeroso] measurernents: the concentravion of Aspergillus fumigatus and thecmotolerant molds was
measured at different warking places in the installation (see Figure 85). Measurements were carried
with the SAS Super 90. Far detailed methads, see Chapter 2.2.2.

Sampling: at the same points where gas and temperature measurements were carried ont, compost
was sampled as described in Chapter 2.2.3.

Microbiological analyses: Aspergillus fumigans, total thermotolerant molds and yeasts, Gram-
negative bacteria {on MacCounkey Agar), coliforms {on VRB-agar), thermophilic bacteria. For de-
tailed metheds, see Chapter 2.2.4.

Physico-chemical analyses: pH, dry weight. For detailad methads, see Chapter 2.2.5.
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Results and Discusslon

'3.2.5.3B Results
Physico-chemical measurements

COMPOST N THE ROTTING HALL

Field studies - Methan|zafion and compasting

Tabie 60 presents the mean femperature evolution during the process in the rotting hall, calculated
from the data pathered in the three weeks prior lo sampling by the personnel of the composting in-
siallation, by measuring temmperatures every 2-3 days in all the boxes.

Tabile §0: Temperaiures [°C] (mean and siandard de-
vialion) of composis in the rafting hafl a1 different
depths in the box. n = rumber af measurements.

st age [week) i 2

n it 14 8
sampling depth [cm]

30 B0t& | 6047 | 6248

100 50+6 | 565+5 | 608
Table 61: Temp {°Cl evolnion of in

ifie rotting holi, at dgfferent depths of the box. n rm-
ber of turnings, S0 = standard devigiion.

_age |n depih [em]
[weeks] 10 | 20 | 50 | 100§ 150 | 200 | mean/SD
05 |0|57|62|51|46(4a6|48| 52+7
[ 1|31 |54 |58|60(50(48]|5010
2 3(59 | 75|B0[55152|57) 60=8
3 4/68 |70 )74 )64 |61)61) 6817

Temperatures in 30em depth were always
higher than in | m, were anaerobic metabo-
lisms predominated. Compared Lo zll the other
composting installations examined, maximum
1emperafures were low, never exceeding 70°C.

The temperatures measurements laken at ihe
moment of the second examination of the site
(Table 61) showed i the fresh compost values
similar 1w the ones detected during the first ex-
amination (see Chapter 3.1.5.2A), although this
lime none of the boxes were aerated. The high-
€51 temperatures were measured al ihe compost
surface, where some oxygen was detected (Ta-
ble 62}. In the depth of the box. condilions
were rather anoxic, The methane measured in
50-100 cm depth stemmed most probably from
zones decper down of the heap, where no axy-
gen was present any more,

The first tarning did nat lead 10 a significant iempeiature increase. The very high C0. values, ex-
ceeding by far the stoichiomelric values of aerobic metabolisms, together with the presence of
methane, hinted 2gain at anoxic eondilions in large parts of the box.

The increased H,S concenteations can be interpreted as the onset of protein degradation, leading
even in the case of aerobic metabalism to the accumulation of hydrogen sulfide. At the low oxygen
concenirations measured, anzerobic sulfate-reducing bacteria could also be aclive, if the compost
contained enough sulfale or free sulfur, pmduced by lhe mineralization of proteins or ether suifur

containing subsieates.
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Resulz and Discussian

Tabie 82: Gus r i comp
age, and at differant depths in the box.

s of different

nge degth O, 0o, CH; | HS
[weeks] lem)  (vol%) [vol%]) [vol%)| [ppm)

7a 22 »5
50 22 45 »5
| o, S L >5

0.5 50 2.5 56 >5 5
100 1.8 59 »5 33
1 50 1.3 50 »5 22
1w 1.0 57 »5 | 100
2 S50 1.4 53 =5 10
100 07 &0 >5 79
2.5 50 19 21 =5 0
Wy a7 17 6.6 g
3 10 162 74 »5 Q
g
0
67

Figtd sludias — Methanizafion and compesting

In the 2 weeks old compost, temperatures as-
suring an ai least partial thermohygienization
were reached in the upper part (10-50¢m) of
the box, although oxygenation was insufficient
for a comect, agrobic composting process.
Temperatures up to 60°C can be reached even
under anoxic conditions, the thermophilic an-
acrobic microflora having its optimum at 55°C.
H;S concentralions were already declining,
showing that the degradation of proteins came

1o an end.

The oxygen levels in the 2.5 weeks old com-
post, which had been ramed just prior to the
measurements, had declined 1o the usual low
values already one hour afier tuming (Table
62). The temperatures in this frequenily qurned
box were on the other hand quite low (resulis
not shown), indicating that the turning syslem
led to an important cooling of the material.

The 3 weeks old compost, which had been tumed for the last time 5 days before the measurements,
showed in the upper part of the box, where oxic conditions prevailed, lemnperalores that were suffi-
cieni for a thermohygienization. Below | m, however, the gas measurements indicated anaerobic
metabolisms, and temperawres did not much exceed §0°C. The H2S was most probably formed by
anaercbic, sulfate-reducing bacteria, as proteins had been used vp already in the 2" week of com-

posting.

COMPOST ON THE CURING PAD (ROOFED)

Table §3: Compost on the curing pad, able pite
(1.5 m high), approg. 12 weeks old.

dlplh temp. 0] €0, | CH, H}S
lem] "G | %) | (%} | (%) |lppm]
lateral
10 45 | 200 | 0.B5 0 1]
n 74 | 5.7 18 |235]| O
80 52 | 05 22 | 43830 | 10
140 57 1.2 34 | »5 | 55
top
50 59 0.5 35 | 490 v
190 81 G.7 36 =5 48

The curing compost ({Table 63) showed tem-
peramare and gas gradients typical of an unaer-
aled compost pile: the hotlest zone was situated
30 cm helow the surface, where heat conduc-
tion was low, and heal generation, due to suffi-
cient oxygenalion, high. In the core of the pile,
conditions were anoxic. Again, HsS, stemming
from sulfate reduction was measured, Tem-
peratures were very high for a 12 week old
material, indicating that the composting proc-
ess had been generally slow, due to the infre-
guent turning, and the anaerobic conditions.
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Results and Discussion

TaMe 64:  Physico-ckemical characlerittics of the
compost samples. Semple description see Tabde 59,

sample temp. H
ol IR
1 - . &4 6.34
2 onic 48 43 8.38
3 angxic 60 &8 5.92
4 ANGXEC 55 56 5.89
5 otk 48 57 6.94
& BNOXIC 54 53 7.86
7 e 48 43 7.08
8 oxic 74 A2 852
9 oxiC 45 50 8.17
1 - - 50 B.69

Fleld studies — Methanization and composting

The pH of almost all the samples was below 7
up to 2.5 weeks of composting {samples 1-5,
Table 64), wilh the exception of the very fresh
compost (3 days old) taken at the surface: the
good oxygenation and the low temperatures
seermed to faver protein degradation. The mate-
rial reached the for a mature composi typical
vajues of pH >8 only during the curing outside
the hall did. Compared to the materia) sampled
during the first examination, the pH, but also
the waler content, showed an evolution during
the treatment lime in the rolting hall, even if
activities were slower than in the other sysiems
studied. The nature of the starting material,
containing in springtivee more sasy degradable
materials than in autumn, and may be also the
admixture of the sludges from the bioreactor,
probably lead (o an enhanced composiing proc-
€ss.
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Microbiplagical analyses

IN THE COMPOST

Figure 82 shows the concentralions of AF, lotal thermotolerant molds and yeasts, coliforms and
Gram-negative bacieria detected in composts of dilferent maturicy.

8
a T Aspergilius fumig
7] S 1013) thermotalarant molds and yeast
z 81
o
é‘ 5
g
2 )
2 4
1 E
o 4
1 2 3 4 5 8 7 8 8 10
9
81 C== coflorms,
74 W Gram-nogative bacteia
8 o]
2
3 51
: |
G .
gn
2 4
1 +
o W
1 2 a 4 5 ] 7 a 9 10
sample number
Fligure 82: Concemwration of tius_fumigarus, iotal thermoiolerant molds and yeasis, coliforme and Gram-

negative bactenia in compodis of different maturity. Columns with a * indicale values below the datection limit
{10 cfu/gFW). Coliforms {only red colonies) and Gram-negatives (all colonies) were d 4 on MacConkey Agar, For
detailed description of the samples, see Tables 58 and 64,

T = fresk green waste; 2 = compost § days; 3 = compost | week; 4 = compon 2 weeks; § = compost 2.5 weeks;
6 = compost 3 weeks; T = compost 4 weeks; 8-9 = curing compost (8 = kor: 9 = cold); 10 = screened compest.

AF was reduced from more than J-10° to not detectable already after 1 week of composting in the
rotting hall, due to the rising temperatures, bu probably also due to the anoxic conditions, AF con-
centrations remained low in 1he samples taken in the hall. However, in the curing composts (sam-
ples 7 to 10}, a recolonization up 10 4-10° cfWgDW was observed at the surface of the piles, where
conditions were propitious for the development of AF.
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The fact that AF made oul almost the entire thermotolerant fungal flora of the curing piles shows
that it found an ideal proliferation environment. Under the partially anoxic conditions in the roiting
hall, other thermotolerant fungi, mainly yeasts, could persist.

Screening of the compost lead (o a reduction of fungal numbers, most probably by removing wood
particles that were heavily colonized by fungi.

The starting material, consisting of grass cottings, fruitl and vegetable waste and brush, was espe-
cially rich in coliforms and Gram-negative bacteria; it almost coatained 10° cfu/gDW. Coliform
numbers got quickly reduced in the first days of composting in the hall; 3 with AF, a recolomizarion
occurred in the curing compost, but to a lesser degree. The low oxygen concentration could not con-
stitute a major cause for the disappearance of coliforms in the rorting hall; they are by defiuition
facultative anaerobes. They were might not able (o compete with other Gram-negative bacteria that
survived betier, especially in the samples that showed lemperatures between 48°C and 55°C (sam-
ples4, 5and 7).

IN THE AIR

Figure 85 shows the bicacrosol measurements carricd out at different locations on the site.

o o O

§m O@O ]

fo O oGPl
e O >
00 [me =

no pling site activity AF ™ Colif. | Gran’
1 |7 mfram the screen none 10 30 <5 5
2 jon the access road none 4 5 5 <5
3 |behind the wood chips pile normal operation 10 14 3 5
4 [encrance of ke hall, ot the height afthe | wening of 4 week old 200 290 nd nd
grating compost (bax 7)
5§ fback of the hall, a1 the height of the turning of 4 week old
erating B mmpi. (box 7 1400 | 1700 | <100 | <100
& |storage, 1 m from the froni-end loader tuming of cured composl 380 1100 nd nd
T | slorage, 1 m from vhe front-end loader jurning of cured I 120 810 nd nd
8 1 tn fram the soning beli saning A20 1300 nd nd
9 | exil air biafiter normal site operalion 110 160 10 180
Figure 85: Sampling sites, and conc ion of Asperpithey femipatus (AF), thermotolerant molds and yeasis tatol

{TTM), coliforms and Cram-negative bacteria per s air. nd = not detenmined.
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The bipaerosol measurements showed on the perimeter of the place only very slightly elevated AF
concentrations. Celiforms or Giam™ bacteria were not detecied at all. In the hall, mold concentra-
tions were 25 times higher wheo measurements were carried out in the back of the hall, close to the
point where fresh air was introduced inte the hall and where no fuming was <arried out, and 173
times higher immediately above a box where 4 week old compost was extracted from the box, and
transported by the conveyor system out of the hall. The low air pollution can be explained by the
generally low mold concentrations in the compost. The tumning system, 12id ont in such a way that
compost does not fall from big heights, nor gets too much agitated duriag the transport in the chan-
nels, also contributes to a low aerosclization. The high humidity in the hall might alsc have re-
stricted spore emission. Bacteria were only detected in very Jow concentrations in the vitiated air
after the bicfilter.

While microorgenism concentration in the air of the rotting hall did not seem to constitule a major
problem, the air quality was severely impaired by the very high CO, concentrations measured, ¢x-
ceeding the 0.5 % limit considered harmful for human health. Also, odors in the hall were very un-
pleasant, the volatile short chain fatty acids from the anaerobic metabolisms were irritating the eyes,
and conld hardly be washed off the skin.

3.253C Assezament of the performence of the aystem

The temperatures and gas concentrations measured in the composts, as well as the physico-chemical
vabues of the compost samples showed an improved activity of the composting microflora at the
time of the second examination in comparison with the first one. The mean temperatures were
slightly higher, the pH increased more quickly, and the water content decreased. This conld be at-
tributed to the composition of the starting material, the admixture of fermentor studge, and the
slightly intensified inming frequency. The improved activity of the degrading microflora had a
positive influence on the potentially pathogenic and indicator microorganisms: (hey were almost
completely eliminated during the composting in the hall by the strong concumrence, the elevated
temperatures and the lacking oxygenation (this enly for the obligate acrubic molds). Dug (o the low
concentrations of pathogens in the compost, the pollution of the air in the hall with spores was not
very important.

The low oxygen and high carbon dioxide and methane concentrations in the boxes indicated that
ancxic conditions were present already in a shert distance to the compost surface, The missing
acration provoked fermentative metabolisms in large parts of the compost. In addition, the admix-
e of fermenior sludge might have led lo a proper inoculation with anzerobic microorganisms. The
strong reheating of the curing compost stored outside the hall was a sign that the material contained
still encugh casily degradable substances at the ¢nd of the 4 wecks in the rotting hall to allow a con-
siderable metabolic activity of aerobic microorganisms.

On the basis of our results, the operators of the installation recognized the necessity to install an
aeration system in all the boxes. Howeven, the system with which 4 boxes were already equipped
proved to be inadequate, in that the ait channels, situated at the bottom of Lhe boxes, wene rapidly
clogged np with compost parficles. The gravel covering the air pipes got coinpacted by the action of
the scrapers that transported the compost out of the boxes. To clean the it channels, the gravel
would have 1o be frequenly removed, washed and refilled. The managers decided therefore to de-
velop theit own, improved asration system, aud to install it for tests in one box,. If the test were
successful, all the other baxes would be eqoipped. HARTSOCK et al. (1994) stressed the importance
of providing a reliable method for flushing the interior of the aeration piping, ctherwise reduction of
the airflow may resukt.
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Resulis and Discussion Field siudles — Methan|zalion and composting

An adequate aeration, together with a imensified turning, in the first £-2 weeks daily to avoid a too
important drying of the material at the botiom (see Chapters 3.2.2 and 3.2.4) shonld bring about an
inactivation of the anaerobic microflora introduced with the fermentor material, and favor the de-
velopment of aerobic, more and more thermophilic micraarganisms. This would lead to 2 good
thermohygienization, and an accelerated degradation, by which the recolonization with pathopens
during the curing could be prevented.

T was agreed that furiher tests at the installation should only be carried out ance the new aetation
system was installed. Because the installation of the new aeration sysiem was delayed due to techni-
cal problems (two pateoted licenses did not work 1), so that further measuremenis were nol possible
any more in the scope of this work. Since 1998, afl boxes have been equipped with an aeration sys-
tefin, as stipulated in this work; temperature and degradation of organic matter are now evolving
according to the operator's standard,
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4. GENERAL DISCUSSION AND CONCLUSIONS

The following discussion, considertng the resulis obtained at all the sites invesligated, as well as the
laboratory experiments, will contain several parts. one concemned with the microbiclogy of com-
posling, especially the thermohygienization and recolonization with potentially pathogenic andfor
allergenic microorganisms. More technical, Lhe advantages and disadvantages of each type of sys-
lem will be evoked, and 1he possible manageria! measures discussed that could be taken 1o solve
some of the preblems encountered. Also, proteciive: actions are proposed in the view of the ocenpa-
tional health of the contpost workers.

4.1 GENERAL CONSIDERATIONS ABOUT COMPOST
MICROBIOLOGY

Although all the literature concerned with composting sfates that composting is a microbial process,
aclual data about the different groups of organisms involved in ihe process are scarce. This 15 not
astonishing, taking into account the heterogensity of the substrate, and the ever changing conditions
(lemperature, water activity, nutrient conlent, oxygenaiion), as welt as spatially as iemporarily, in a
compost heap. Furthermore, the detection of the different microbial groups by cultural methods only
allows to quantify a small percentage of all the microorganisms present, and depends largely on the
cultivation method (BLANC, [998). Also, these techniques pemmit only to show the presence of cer-
tain types of organisms, but are not snited to reveal if they are also active ; bacterial spores e . are
detected althongh they are inactive. Lately, mathods were employed that do not rely on cuoltivation
of the microorganisms (analysis of the fatty acids cemained in the cell snvelop, or of the genetic
material) ta characterize the microorganisms implied in composting (BLANC, 1998; HELLMANN ef
al, 1997, HERRMANN & SHANN, 1997, MALIK e/ af., 1994). They showed important changes in the
populations in ihe course of the composting process from mesophils (to a big percentage fungi) lo
thermophiles, the latter comprising actinomycetes, Gram-positive bacteria {thermophitic Bacifli),
anaerobes and methancgens. The cooling phase was characterized by the reappearance of fungi.
These results corroborate with onr physico-chemical and microbiological observations made in well
managed composts: the mesophilic flora (a5 well molds and yeasts as coliforns} of the fresh mate-
rial gol quickly reduced, due fo the strong temperature increase in the first few days of composting.
At the same time, thermophile numbers increased. They remained more or less unchanged for the
time the composting processes were monitored {1-2 monhs), while recolonization with molds and
coliforms was observed when temperatures fell below approximately 60°C.

Concerning the population changes within the thermatolerant fungi, at least those that grew on Malt
Extract Agar o 40°C, il showed that AF, often present in large numbers in fresh biowaste, had to
come Up against competition from yeasts in the first, acidic phase of the composting process.. As
soon as the pH started to rise, yeasts disappeared. At the same time, ternperatures rose, leading gen-
erally 1o an almost complete disappearance of AF. A comelation between compost temperature and
AF conceniration conld be seen (see following chapier). In the beginning of the coeling phase, the
appearance of Scytalidism thermophilian, also a theimotolerant mold, was observed regolardy. Ii
was partially displaced by AF when temperatures gol reduced further. The large preduminance of
AF might also be due to the fact that enumeration of molds concerns mainly spores. AF produces
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easily detachable conidiospores in high numbers {up to 10" sporesfindividual), while S, thermophi-
Iir Forms intercalary clarnydospores in lesser quantities.

Coliforms (considered generally as indicators of a contamination with fecal matier, but also siem-
ming from plant and soil material), and especially E. coll wene present in large tumbers in fresh
hicdegradable waste. The main genera identified were Enterobacter, Klebsiella, Escherichia and
Citrobacter. No difference was seen between the composition of the cotiform flora in fresh waste,
during the process, and in the finished compost. Coliforms had about the same thermoresisiance as
AF at the beginning of the thermogenic phase. However, recolonization at the end of the hot phase
set in earlier,

Tt has o be considered, though, that temperature distribution in the compost material varied greatly,
with the consequence that the microbial successions described abeove happened at different rates in
different parts of one and the same compost. Furthermere, in the case of non-static systems, contin-
wes mixing of populations, but alse notrients and enzymes took piace. Al this makes it very diffi-
cult to establish general "rutes” of compaosting micrebiology.

4.2 INFLUENCE OF TEMPERATURE/ TEMPERATURE GRA-
DIENT ON THE ELIMINATION OF AF AND INDICATOR
BACTERIA (COLIFORMS)

Temperature is considered to be the main factor for the control of potentially pathegenic microor-
ganisms in compost. In Figure 86, the results of all the AF concentrations measured (at total of 323
samples) at all the sites examined (with the exception of the site of Uzwil) are united.
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Figure 86:  Arithmetic mean and dard deviation (+ 1o} of AF concentrations within lemperalure intervals of 2°C,

af & function of ieemperalure ar \he palnt of sampling, in compost from all the composting syslems investigared (excepl
Uzwit). Values below the derection iimir {10 ofu/g FW) were considered as | flogpof 1= ).

The lincar regression line of the mean AF valucs showed a quite good nepative correlation =
0.72) between compost temperature and AF concentration, although the error bars, indicating the
standard deviation within a 2°C emperature interval, were quite important,
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These substantial deviations could be due, on the one hand, o an increased thermotolerance by the
development of thermoresistance in cerlain cases, of, on the other hand, to an accelerated suppres-
sion of AF by other factors than the temperature, such as gH, humidity, anoxy, concurrence with
other organisms for nutrienis, and the production of fungicidal substances.

From the slope of the regsession line, the correlation between compost temperature and AF copcen-
tration can be quantified as follows: an elevation of the temperatune of 10°C would lead to a 2.6 fold
reduction of AF mumbers. Or: to reduce AF numbers by 1 order of magnituds, the compost iem-
perature has lo be raised by approx. 24°C. However, no indication is given about the duration of the
exposure of the compost to these lemperatures necessary to effect the reduction of AF numbers. As
the shartest interval between two samplings was 1 day, this seems to be the minimal time necessary.
To exactly determine the thermal inactivation at a given terperature, samplings in intervals < 1 day
would have to be carried out.

When comparing the results from the different sites, it seemed that three main factors influenced the
survival of AF in compost, independent of the type of composting system: the temperaturc, the wa-
ter conlent of the material, and the turming frequency. These factors are interrelated, as shown in
Figure 8: compost temperature is the result of heat generated by the metabolic activity of compost
microorganisms. To be active, those need nutrients (subslrate), water and oxygen. Too much water
inhibits the oxygenation at the micropore level. Tumings effect a redistribution of substrate, micro-
organisms and humidity, and Facilitate oxygenation by augmenting the free air space inside the
composting mass.

The type of biodegradable waste used for the compesting process admittedly influenced lemperature
evolation, but the water content of the material in the course of the composling process played also
an important role. Especially in atificially acrated systems, excessive diving was often severely
impairing the process, and thus the temperature evolution (sec resules from Uzwil, Chapter 3.2.4.3,
and Tigerwilen, Chapter 3.2.2.3}. The composition of the starting maisrial, changing with the sea-
sons, usually influenced composting oaly in the first few days: if more easily degradable substances
were available, the temperatore rise was faster, and the elimination of potentially pathogenic micro-
organisms quicker. However, very wet waste exhibited a delayed heating, due to clogging of the free
air space with water, leading (o an insufficient oxygenation (see cxperiment GRA3J, Chapter
3.2.1.3B). Measurzments showed in all the systems examined more or less important temperature
gradients, caused by the movement of air through the composting mass, cither by natural or forced
aeration. Temperature control by aeration usnally increased the ternperature disparities. In heaps or
windrows in the open, cooling of the corpost al the surface by low ambient air temperature added
to the temperatures differences, observed nommally in all systems, between the hot center and the
cooler peripheral layers. Due to these femperatore gradients, only part of the maierial was exposed
to temperatoyes high enough to lead to a thermal inactivation of potential pathogens: zones hoiter
than 60°C in the first 4 weeks of composling made out between 20-60 % in open-air windrows, and
40-80 % in indoor composting in trenches.

Therefore, turning of the compost to expose all material to high temperatures proved to be indispen-
sable for a complete thermohygienization, as demonsirated by the results obtained at Grenchen
{Chapter 3.2.1). Also, each time that tamings were effected, microbial activity was spurred, on the
one hand by the momenlarily input of axygen, on the other hand by a redistribution of nutrients and
water. In fat, effective watering of the compost was only possible during turning,
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Results of the bioaerosol measurements conﬁrmsd the dala from literatuce (see Table 8} that emission
of AF spores could be very high {up to 107 cfw/m®} when fresh biodegradable waste or ybung composf
was mechanically ireated. Emissions were comelated to the concentration of fungt measured in the
compast. Also, the manner in which the wming of the compost was camried out greatly influenced the
quantities of fungal spores emitted: more gentle, but probably also less effective and certainly slower
nuning led to the production of Jess serosol. When these operations took place in the open, a rapid
dilution occurred, so that concentrations already a few meters away from the source of AF spore emis-
sion was greatly reduced, to be identical 10 that in normat air (3-10 cfu/m™ at a few bundred meters
distance io the site. In closed installations, which were normally fully automated and necessitaied thus
in principle no presence of personnel, AF conceniralions were usually a few thousand cfu/m’. On the
basis of these air measurements, we took the view Lhat health risks existed only for the personnel di-
rectly involved in composting operations, but not for the population living in the vicinity of a com-
posting site.

An open question concerns the biofilters: although the few measurements carried oul the installations
that were equipped with a filter showed a certain retention of Tungal spares, more investigations would
be necessary to prove their efficiency under different climatic situations. Some resulis hinted in fact at
a proliferation of molds in the filter, making it a spore source instead of a spore sink.

4.3 ADVANTAGES AND DISADVANTAGES OF EACH TYPE
OF SYSTEM

In the following, cach type of composting system will be discussed in the view of managerial and
technical measures that were, or would have {0 be laken to improve the composting process as a
whole, and thus also the thermohygicnization.

The discussion is deliberately limited to technical aspects. OF conrse, economical considerations are
also of preat importance when decisions about the compost management are made. Another aspect
is 1he required maturity of the end product: managerial measures have to be optimized lor the qual-
ity demanded by the end user. It does not make sense to invest a lot of money and energy to produce
a high quality composl, if this is nol necessary for the end use. Further research is necessary to de-
fine compost maturity and the quality required for specific end uses (agriculture, borticulture),

4.3.1 OPEN-AIR WINDROWS

Composting in apen-air windrows, alihough relatively inexpensive and technically easy 10 realize,
allows only a limited control of the process. As aeration of the material has to happen by the con-
vection of air inside the windrow, preat attention has to he given to a comrect mixture of the starling
material. The experiment with the stanting material consisting to 50 % of each separately collected
kitchen and garden waste {C:N of 30:1; experiment GRA3, Chapier 3.2.1.2C) showed indeed only a
slow temnperature raise at the beginning of the process. It started only really when the water content
was reduced to such a degree that the increase in free air volumne allowed a sufficient proviston of pxy-
gen to the aerobic microflora,

When the starting material contains high amounts of kitchen waste, odor problems occur,

Tuming of the compost with a specialized machine was gasily practicable, due to the arrangement of

quite Jow, freestanding windrows: This allowed a highly flexible teatmem adapted 10 the stage of
matarity of each windrow. The machine was equipped with an efficient sysiem for watering of the
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compost, very important especially during the dry summer months. Additionally, spraying of the com-
post with water before uming will reduce mold spore emissions (MILLNER et of., 1994),

Daily tumings led to a fast composting process and a good thermohygienization, however, operation
costs, a5 well as for the personnel as for maintenance of the tuming machine, which showed much
wear and lear, were elevated. Because our measurements had shawn that the composting of material
conlaining a great percentage of kitchen waste was not very different if it was turned daily or weekly, a
reduction of the wming frequency ta 3 turnings per week was envisaged.

The more woody material degraded a lot faster when it was turmed daily. Biodegradable wastes with a
high wood contenl are typically delivered in winter. Duzing this season, the affluence of material is
normally reduced. A prolongation of the process by fumings in a two-day rhylhm weuld therefore not
cause any operalional problems. Alsa, too frequenl tumings during the cold season showed to cool
down the compost in the maturation phase too rapidly. A negative effect of frequent tamings was
observed during very rainy periods: in spite of the covering the windrows with the tarpaulin, water
accumulated at the base of the heap, leading by mixing (o a general wetting of 1he compost.

4.3.2 COMPOSTING IN BOXES OR TRENCHES, ROOFED OR IN
A CLOSED HALL

When compostirg is carried out in boxes, a new parameter for the control of the process has to be
taken into consideration: aeration. Air is blown inte the compost to assure a sufficient supply of
oxygen to the zerobic microflora. At the same time, moisture is transported out of the compost by
the air stream, and heat is withdrawn through svaporative cooling.

Two of the installations examined used pressure induced acration, although the air quantities and
cycles were quite different: at the KEWU, total air was approximately F-4 m'fkg compostees weight'h,
supplied during 1-2 minutes, with pauses of 30-60 minutes. At the site of Tégerwilen, air volumes
were higher: between 2 and 25 m*/kg composticy wight'h, bul supplied in shorier intervals (0.25 to
1 minute every 2-15 minutes). Generally, the fixing of aeration eycles seemed to be highly empiri-
cal, and only vagucly adapted to seasonal changes of the type of material to be composted.

One problem encountered in the two systems compaosting in boxes was the filling height (2-4 m) of
the material. Tuming of the big masses of compost was slow, and mming frequencics were accord-
ingly Jow. This led ta an inhomogeneous temperature distribution, vertical as well as horizontal, and
conseguently to an incansistent composting process, and an insufficient thermaohygienization. Also,
when composting in boxes, aeration had to be quite strong to reach the top pans of the heaps, with
the consequence that the lower layers of compost had a tendency to dry out.

At the site of Baar {bax composting without aeration, at the moment of pot-in-aperation of the in-
stallation), almost no degradation of organic matier was observed during the treatment in the boxes.
In thase composts, AF concentration was low, most probably due to the low oxygen content in the
material. But as soon as the material was stored in big heaps outside the boxes, strong heating oc-
curred, and high concentrations of AF (up 10° ofu / pDW) were measursd on the surface of the
heaps, as in extensively managed open air windrows. According to the operator, the situation, due to
the: installation of a well warking aeration system, has much improved.

In general, 1he handling of compost after the actual rolting process, e.g. the thermophitic phase dur-
ing which the compost was treated intensively {turning, aeration, watering) showed to be vnsatis-
factory. Although speradic tumings were carried out at some af the installations, they proved 1o be
insufficient in view of the stilt high micrabial activity in the compost after the relatively short mot-
ting phase, the height of the piles, and the slorage under roof, which hindered natural aeration to
happen. This uncontrolled continoation of the degradation process lead not only to the renewed

207



Concluslons

formation of anoxic zones in the center of the piles, with the known negative effecrs {bad odors,

emission of greenhouse pases, formation of phytoroxic substances), but also 1a the resolonization of

the thermo-hygienized compost with potential pathogens. To prevent the observed deterioration of

compast quality during curing or storage, the following measures can be taken. At some sites, they

have already been realized, or are in the test phase:

= optirmization of the actual composting process, and/or prolongation of the rotting phase, in order
to produce a compost that is (o a high degree stabilized, and would show only linle microbial ac-
tivity any more during curing, and would not altow recolonizarion by potential puhagens

» curing of rnscreened compost, in order to maintain a certain porosily of the material

= putting up of small windrows {maximum 1-1.5 m high), to promot¢ natural aeration by convec-
tion

= regular tumning of the windrows (minimum 1 x per week)

= installation of an acration system under the windrows

= direct delivery to the farmers, who use the fresh compost direcily, or siock it in small windrows
on-site, e.g. al the edge of the field

4.3.3 COMPOSTING IN BIOREACTORS

Composting in a bioreactor allowed in principal the highest degree of contral aver the process. All
input and ouwlput parameters could be easily monitored, analyzed and adjusied in function. On the
other hand, visua! controt of the compost and sampling were ofien nof possible. A problem often
encountered with bioreeclor composting was the homogenons mixing of the waterial. Becawse of
the large size of reactors, this was not easy to realize. When mixing was absent or insufficient, pref-
crential air channels were fonned within the composting mass, leading 10 an uneven oxygenation.
As in box composting, drying out of the compost through superoptimal acration was frequent.
Thermohygienization was thus insufficient, in spite of quite high core temperatures,

Composting in the bioreactor generaied no spore emission at all inside the building where the reac-
lor was situated, except for loading and emptying of the reactor,

As with box or wench composting, much artention has ta be given to a correer curing and storage of
the compost aftet the treatment in the bioreactor.

4.3.4 BIOFILTERS

Three of the installations where composting was carried out indoors eirher in boxes, irenches or in a
hioreactor were equipped with a biofilier. Spore counts carried out after the filter yielded results of a
few up 1o several 100 cfim’ of air. Taking into consideration that AF concentrations measured in-
side the rotting hall were constantly a few 1000 cfe, or much higher during iurning of the composts,
it seemed that the biofilters were reducing the amount of spores dispersed into 1he environment,
although they were not complelely holding them back.

More investigations should be done about the metention of microorganisms by biofilters thal are usu-
ally oprimized for the elimination of bad edors.
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4.4 TECHNICAL AND MANAGERIAL MEASURES TO AVOID
HYGIENIC RISKS DURING COMPOSTING OF BIOOE-
GRADABLE WASTES

Besides the specific improvements to implant, dependent of the compesting technolagy nsed, sey-
eral general precautionary measures to avoid hygienic risks during composting of biodegradable
wastes were proposed in the literatere, They will be presented and critically discussed on the basis
of our experimental results, and on practical observations made at the composting sites.

In the report of the study preliminary to the one presented in this thesis, we made the following

propositions for preventive measures concerning the personal hygiene of the compost workers, and

technical amelioration, as wetl as conceptual considerations when planing a new composting in-

stallation (BEFFA et al., 1992):

* to avoid to expose individuals predisposed for the development of fungal infections or allergies
{people suffering from asthma, strong allergies or having a general immunodepressed stalus dug
to an other underlying health problem) 1o compost dust -

» to preferably employ non-smokers as compost workers

s (o close the cabins of front-end loaders and tornings machines and of locals situated on the com-
posting site, and to install air filtering systems in closed cabins and rooms

» to wea face masks during periods of draught, and when working in areas with high bioaerosol
toncentrations

s o automate the compost precess there where large amounts of organic dusts are generated
{automatic loading and unloading of (he shredder, tuming and screening)

s o evaliate the patential for the proliferation and dispersion of potentially pathogenic microos-
ganisms when planing new installations, as a function of the type of system, the enclosure of the
rotting area, the geographical situation, and the distance to the nearest residential areas

* (0 construct composting sites in a sufficient distance to hospitals, homes for convalescent or eld-
erly people, and kindergartens

» to control the concentration of potentially pathogenic microorganisms at and around a compost-
ing site when it is put in operation, and if major changes to the composting procedure are made

The first point, although of great importance when trying to reduce the health risks of compost
workers, can often not be fuifilled, simply becanse no medical examinations are carried ont prior o
the employment of new workers. The closing of cabins of front-end loaders and tuming machines is
often missing, especially in summet, because of the lack of air-conditioning systewms. Especially in
enclosed sysiems, a complete automation of the composting process is important. However, ma-
chine failurcs arc frequent, demanding the presence of personnel in highly contaminated arcas.
composiing in the open demands less antomation, because mold spores acrosols are readily dis-
solved in the air.

SUMMERBELL et ol (1994} added the following proposals:

* to encourage the education of the population on the microbial processes in biological wasics
during collection and pracessing

s to minimize the interval beiween collections of hiodepradable waste containers (maximom
I week)

» to develop standardized methods for the detection and monitoring of fungi of priority interesl lo
human and veterinary medicine

* to include AF as test organism for the determination of compaost gualily (hygiene}
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* 0 put a warning on bags in which compost from open-air windrow sites is sold: «May contain
Aspergillis fumigarus. No1 suitable for indoor plants».

» Lo achieve hygienization of compast by sieam sterilization (10 min. at 0°C)

+ 10 claboratc a monitoning program on the ¢cllular and serological Immune responses of compost
workers 1o fungi ihey are most exposed [0

The first point might be of impartance when considering the health risks of the general population
in the context of biowaste callection and processing: the development of potentially pathogenic
molds and bacteria does already stant at home, dming collection of the biowaste, Biowaste contain-
ers should not be placed in closed rooms, and their emptying should happen frequently. However,
the frequency of collection of waste containers (every week vs. every 2 weeks) does not Lo scem be
of greal importance. The proliferation of microorganisms in biowaste is normally so rapid that com-
plete colonization happens in 2-3 days, and na more changes are observed thereafter (GAL-
LENKEMPER et al. 1995, GELLENBECK et al., 1994). Poling soils used for indoar plants can be a
source of AF contamination (STAB & al., 1987). GaRClA (1998) examined bagged camposis (often
mixed with peal or other substrales) sold 10 the general public: they contained in the mean o' cfu
AFfgDW, However, as have clearly shown qur resulis, it is not only the compost from open-air
windrows that contains AF. Normally, a strong teduction of AF numbers is ohtained during the
thermogenic composting phase, independenl of the sysiem vsed, if the process is correctly carried
out, It is of great imponance, though, how the compost is treated afte the thermogenic phase, as it
is al that moment that recolonization accurs, Sterilization of compost should be avoided, because
this lcads also to the inactivation of the useful composi flara !

RANINGER {1994) suggesied the following points:

» workplaces for the manual sorting of biowaste should be placed in cabins thal are acrated aver-
head with fresh air

* biowaste from saqurce separated collection should be ireated daily

s leachaies that have not been hygienized should not be nsed for the watering of compost after the
peak heating phase

» the vitiaied air from closed composting halls should be eliminated via 2 biofilter, to minimize the
dispersion in particula of staphylococci and Aspergilli

* newly built installations should to a large extent be automated

» different front-end loaders should be used for the unleading of fresh wasie and the moving of
compost, in order 10 prevent a spreading of pathogenic germs, or cleaning of the machines with
high-pressure har water

» measures of personal hygiene should include: the wearing of proteciing clothing (overal, gloves,
dust- and bacteria tight mask), disinfecting of hands and forearms, no eating or smoking at the
wark place, cleaning of the work clothes by the employer

» each compost worker should undergo a medical examinalion at the moment of employment, in
order to detect health problems (allergics, bronchial asthma, immune deficiency, chemotherapy)
that could lead to a increased sensibility

» each campast worker should be actively immunized against poliomyelilis, hepatitis A and B,
tetanus and diphiheria

» 1he quality of (he air a1 work places should be controlled regularly

» aminimal distance of 300 m should be kept from the composting site to the neacst development
accommmodaling persons wilh a reduced immune defense (hospitals, health resorts, old-age
hames, schools, kinderganens, etc.) or residential areas

» handling of compost in the peak heat phase as well as dry malerial should be reduced
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As not only the soning of fresh biowaste leads to emission of spores, but also of the reject from
screening (see Tdgerwilen, Chapter 3.2.2; and Baar, Chapter 3.2.5), the same should be applied to
those wotk places. If the workstations are outdoors and mabile, the direction of prevailing winds
should be considered, in order that the wind carries any bioasrosols away from the person working.
Filters of cabins of front-end loaders, turners or similat machines shonld be serviced regularly.
Concerning biofilters, it shobld be added that its functioning has to be checked regularly, also 1o see
if 1the retentien of mold spores and bacterial cells is guarantced, and can be ensured also with sea-
sonal changes of the starting material, but also of the biofilter itself (temperature, humidity).

The use of different frent-end loaders, or its cleaning, is difficult to realize, especially with systems
where turnings of material of different age are carried out continnously. e.g. a1 the KEWU, Chapter
323 Furthermore, conlaminalion happens, al least for fungal spores, also via acrosals,

The wearing of bacteria tight masks should not be a permanent measure, because of their discom-
fort. If possible, work places should only be in locations where a sufficient air change allows work-
ing without masks. Hawever, for maintenance work in closed compasting halls, the wearing of a
mask should be absolulely recommended, or the activities in the hall have to be interrpted.

Different other authars stressed the importance of preventive measure, such as the initial medial
check-up upon first employment of compost workers, 10 detect a possible genetical predisposition
for centain 1ypes of diseases. Individuals with increased 1zE concentration or impaired lung function
or recurring inflaramations of mucous membranes should be excluded from this 1ype of work.
Regular (annual) medical check-ups should emphasize specially on lung function, votal IgE concen-
tration and blood sugar (MARTH e/ af., 1997). Such examinations are a prerequisite for efficient pre-
venlion and treatment of cccupational illnesses, in that problems get detected early (VERKOVEN,
1994). However, in this field, information of physicians, bul also mote research on immundlogical
methods is needed. Just in the case of AF, (he normally used standard extract for the test of allergic
reactions does oot in all cases give a positive result (PIERRE GUMOWSKi, personal communication},

In the view of further epidemiological studies, regutar measnrements of the microbial pollution of
the air at work places in compasting planis should be carried out. Research in the special area of
detection of bicaeresals in composting plants should aim at giving recommendations about a stan~
dardized procedure concerning the type of air sampler to be used, but also the number of repetilive
measurements needed to make statistically valuable siatements about bicaerosol concentrations
(POTTHAST, 1994). At long term, these studies should lead to the fixing of limits for microbial con-
tamination of the air in composting plants on the basis of conclusive microbiological criteria.
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5. OUTLOOK/FURTHER RESEARCH

"Composting happens, despile our best efforts to improve it" (unknown)

Composting research is a very fascinating, bul somelimes also very frustrating discipline: due to the
complexity of the composting process, governed by a nomber of interrelated factors, many observed
phenomena remain unexplained. Also, observations are nonmally made at @ macroscopic level,
while the real "composting action” iiappens at the surface, or inside each compost panticle.

In the scope of my small coniribution to the compaosting science, some guestions were answered, but
many neéw ones arose. If 1 would have another four years, it would try to 1ackle the following ones:

» Temperature is a key factor in indusirial composting sysiems. However, comipos! heaps never
show uniform temperature distribution. A mathemaiical model would be useful that would cal-
culate a mean lemperature of a compost windrow or heap, taking into account the temperalure
gradiem (how many {ermperalure measurement points would be necessary to describe this gradi-
ent 1), bui also the mamber of {imes the material had been mixed. Tt could then be tested if there
is a correlation of this mean iemperature 1o the concentration of potentially pathogenic in com-
post (measured best afler mixing of 1he marerial).

» One big unknown was encountered when examining aerated composting systems: the aeration.
Each system employed different airflows, and different aeration cycles. Delailed, continuous gas
measurements would be necessary to-determine the rght amouni of air, allowing a good oxy-
genation of the material, withom drying it out. On the basis of such measzrements, aeration re-
gimes adapied to the starting material and to the matarity of the compost could be worked ont,

» A deterioration of the compost quality after the actual rotting process was often observed. Efforts
should be made to develop curing processes that would prevent a recolonization by potenlial
pathogens and/ot allergens, avoid phyiotoxicity, and conserve inorganic substances (niirate and
sulfate).

* Mechanical treatmemt of compost leads 10 a massive dispersion of AF spores (up to 107 cfwm’®
air). However, alrcady in a short distance to the source, concentrations are reduced to a few bun-
dred spoms.fm’. VISSIEMNON ef al,, (1996) explained this by the low dispersion tendency of AF
spores. 1 think that just the contrary is the case: AF spores are very small, so they will not sedi-
mend, but stay airborne. With the rising hot air (60-70°C, if actively composting heaps are
turned) sporcs would thus rise, and then get diluted. Experiments, e.g. by releasing small bal-
loons 1hat have exacily the same sinking speed than AF spores (GRABER, PSI, Wiirenlingen, CH,
personal communication), could demonsirate the path of fungal spore dispersion.

= Besides AF, the moold most Frequently isolated from composis was Seytalidium thermophilum. As
il has also a faint allergenic action (VAN DEN BOGART er al., 1993}, investigations shonld be
made abom ils ecology, and ils dispersion in bioaerosols.

« Biofilters are mainly optimized for the reduction of bad odots in the vitiated air of composting
plants. It should aiso be tested 10 what exiend they can held back microbial cells. Also, it has to
be assured Lhat they do not become Lhe source of microbial cell dispersion.

« Bioaerosol measuremens were only carried ont for the detection of AF. However, actinomycetes
and Gram-negative bacieria can also have a pathogenic and/or allergenic action. In addition to
measurements of viable microorganisms that of endotoxins and mycotoxins should be effected
{SaMs0N, Centraaiburean for Schimmelculiures, Delft, NL, personal communication).
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MNew correstion table for a 487-hole impactor, using 84 mm OMIKRO plates Annexe |

Pr v Pr v Pr r P r Pr v Pr v P ¢ By

.‘
'l
-
-

61 €6 121 439 181 226 24) 32 301 488 381 ©57 401 B4Z2 441 1144
82 68 122 140 182 220 242 D234 302 471 362 661 402 BB 442 1155
63 67 123 142 183 228 243 336 303 473 363 665 403 853 443 1188
€4 69 124 143 184 231 244 3318 304 478 384 669 404 8585 4494 {177
85 70 125 144 185 237 245 340 205 476 365 673 405 HES 445 1188
88 71 128 146 188 234 248 342 308 481 366 677 406 671 446 1208
67 T2 127 147 87 238 247 344 3807 4B4 387 681 407 877 447 1212
68 73 128 148 188 237 248 346 308 487 368 665 408 HEA 448 1224
69 74 129 150 180 230 242 348 309 483 363 cB9 400 B8 4491238
10 70 75 120 151 180 241 260 350 310 482 370 833 490 496 450 1249
1A 77 131 132 191 242 251 352 211 495 371 897 411 902 451 1262
12 72 78 132 154 182 244 252 254 312 498 372 70 412 908 452 1276
13 73 79 133 195 183 245 263 356 13 SO0 373 706 413 915 453 1290
14 74 80 124 157 194 247 254 354 214 503 374 710 414 921 454 1304
15 75 81 136 168 195 249 266 361 315 506 375 M4 415 928 4551318
18 78 82 138 1589 198 250 2568 263 316 509 1376 718 416 935 458 134
17 77 94 137 61 197 252 257 365 317 512 377 723 417 842 457 1350
15 78 B5 138 162 198 254 258 367 318 514 378 727 418 949 458 1366
1B 79 BB 133 63 190 255 2B 363 19 5T 379 732 419 956 455 1383
20 80 &7 140 165 200 257 260 371 320 520 36D 7AB 420 963 46D 1400
21 & 88 141 166 207 258 261 373 229 523 381 741 420 870 481 1B
22 a2 90 142 168 202 261 262 JI75 322 526 362 745 422 978 462 1437
24 83 81 143 1569 203 262 263 378 323 520 363 750 423 985 463 1456

Do =l B L ha =

25 84 92 144 171 204 264 264 03BD 324 532 384 755 424 @g3 464 1477
26 85 O3 145 472 205 266 285 382 325 535 335 759 425 1000 465 1498
27 B8 95 148 173 208 287 266 384 328 538 388 764 426 1008 486 1520
26 &7 96 147 175 207 268 267 386 327 H41 387 768 427 1018 487 1543
20 86 87 148 176 208 271 269 389 326 544 398 774 428 1024 466 1568
3 8BS 98 14D 178 209 273 289 391 329 547 385 T7A 429 1033 469 1593
a9 99 150 179 210 274 270 393 330 550 38D 784 430 1041 470 1820
32 9% 101 51 18 291 276 271 395 331 653 3% T89 42 1050 47 1649
33 82 102 152 182 212 278 272 296 332 556 3892 To4 4321058 472 1879
34 53 103 153 183 213 280 273 400 333 560 393 799 433 1067 4731712
35 94 104 b4 185 214 P81 274 402 334 583 354 804 4341076 474 1747
3 85 106 155 186 215 200 275 404 335 566 395 809 4351085 4751784
37 96 107 186 188 216 285 276 407 336 569 336 815 4361085 476 1825
3@ 97 0B 157 483 V7 287 277 408 337 571 39T B20 437 1104 477 1869
40 88 109 156 191 218 289 278 411 336 576 398 825 435 1114 478 19H8
41 98 111 159 192 218 290 279 414 333 579 302 831 430 1124 4va 1972
42 100 M2 180 194 220 202 280 476 34¢ 502 400 836 440 1134 480 2033
43 101 113 161 185 221 294 281 418 341 588 481 2902
44 102 114 162 197 222 296 282 421 342 589 482 2183
45 103 118 183 188 223 238 {83 423 243 582 483 2281
46 04 117 164 200 224 300 284 425 344 5686 484 2402
47 105 118 165 207 225 20% 285 426 345 599 485 2565
48 106 118 166 203 226 303 286 430 348 602 466 280D
49 307 121 167 204 227 305 287 433 347 605 487 3295
50 08 122 g8 208 238 207 283 435 348 609

n
ha

109 123 160 207 229 309 260 438 349 613
10 125 170 209 230 A11 290 440 350 815 |f=colony lorming unite countad
117 126 171 210 231 33 291 443 351 G20 |Pr=prabable count

112 127 172 292 232 315 292 445 352 624
113 128 173 213 233 317 293 447 383 827
14 130 174 215 234 319 264 450 B354 631
#15 181 175 2i7 236 320 285 453 355 €34 '
16 132 176 218 236 322 296 455 356 628 '
117 134 177 200 237 324 297 456 357 642

118 135 178 221 238 328 298 460 359 646

119 136 179 223 238 320 299 463 1359 649

120 138 180 294 240 330 390 485 360 863
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