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Abstract

This paper aims to compare household waste, sepapig solids, food waste, pig slaughterhouse sludg
and green algae regarding their biodegradabilitgjrtstabilization kinetics and their temperatuise rduring
composting. Three experiments in lab-scale pilBB0L) were performed for each waste, each one uader
constant aeration rate. The aeration rates apphlede comprised between 100 and 1100 L/h. The
biodegradability of waste was expressed as funatiodry matter, organic matter, total carbon andnaital
oxygen demand removed, on one hand, and of totajesxconsumption and carbon dioxide productionhen t
other. These different variables were found closelyelated. Time required for stabilization of eacaste was
determined too. A method to calculate the duratiérstabilization in case of limiting oxygen supphas
proposed. Carbon and chemical oxygen demand mdamcka were established and gaseous emissions as
carbon dioxide and methane were given. Finally,témeperature rise was shown to be proportionahé¢ototal

mass of material biodegraded during composting.

Keywords: organic waste, composting, biodegradability, dtedtion rate, temperature rise, methane

emissions.
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1. Introduction

Most of the engineering research on compostingrtreats aims to identify how the waste charactessti
and the composting conditions influence both thenmosts quality and the environmental impacts of
composting. Recently, research progress led thearelsers to consider the active phase of composting
according to its main ruling processes i.e. bialabactivity and heat and mass transfers. Takitg &ccount
the different natures of waste, this progress teddéentify intrinsic properties, which characteritee waste
regarding a specific behaviour. Then, the detertiinaand the quantification of these propertieswafid to
improve mixture formulations and to adjust compugitonditions.

The questions of biodegradability and stabilizatiturstrate the evolution described above. At finstost
studies aimed to test the relevancy of humerougators in order to predict compost stability. Maogpers
dealt with the differentiation between maturity astdbility, maturity being related to the preseac@absence of
phytotoxins whereas stability was related to miabhkespiration activity of compost (Komilis and idavaras,
2009). Thus, respirometric methods, based on thasarement of oxygen consumption or carbon dioxide
production rate, developed. Then, in order to mtediastes behaviour in composting and adjust treatm
conditions, researchers also interested to theepi@diability of the organic wastes. Taking intocact the
higher oxygen demand of wastes compared to theboemposts, static respirometric methods were shiow
underestimate oxygen required for stabilisationg@eal., 2004). Nowadays, most of the authorsimgalith
the biodegradability of organic waste use a dynara&pirometric method i.e. with a continuous aerati
(Barrena Gomez et al., 2006). However, as unde&flmeBerthe et al. (2007), the dynamic methods (haa
al., 2004, Scaglia et al., 2000, Tremier et alQ3)Gstill differ to each other regarding the cohtrbtemperature,
moisture and oxygen supply. Thus, Tremier et @08) and Berthe et al. (2007) control the tempeeatthe
moisture and the oxygen supply at the same timesohtrast, Scaglia et al. (2000) and Adani et 2004)
simulate a composting treatment in which the temsmpee increase results from the material self-hgati
Although temperature profile in composting simwatiseems more realistic than in a thermostated, bath
composting simulation does not optimise air disitiin leading to a non-homogeneous aeration of the
composting material. These methods also differndigg the indicator used to characterize the bicakdapility.
Berthe et al. (2007), de Guardia et al. (2008) aremier et al. (2005) used the cumulated amourdxgfen
consumed during biodegradation, whereas Adani.ef2804) and Scaglia et al. (2000) used the maximum

oxygen uptake rate measured for a short periodnardhe maximum of biological activity. Concerning
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stabilization, the respiratory quotient i.e. théiaaf carbon dioxide production to oxygen consumptwas
investigated as a potential indicator of stabii@at The respiratory quotient was assumed to depmnd
biochemical composition of organic material. Itgigdon was studied by Nakasaki et al. (1985) andds
proposed to be used to control the composting geoatkinson et al., 1997). Others found its vioiatwas
low which impedes such use (Gea et al., 2004). Adaral. (2004) and Scaglia et al. (2000) propoaed
Dynamic Respirometric Indice and considered thabmust exhibited a high level of stability when DRa&s
lower than 500 mg &kg OM/h. The European Commission (Directorate-Gan&nvironment ENV A.2)
(2001) suggested that OURs lower than 1 gk@ OM/h can characterize stable composts (Konalisl
Tziouvaras, 2009). Whatever the level proposedal@ate stability, the proposal for such an indidlews to
compare the organic wastes regards to the comgastie required to reach the defined thresholaamtrolled
conditions at laboratory, this time depends mostiythe intrinsic characteristics of the waste. édlrscale, it
also depends on the composting process i.e. oreoxygpply and air distribution. Thus, in almostcalées, this
time should be higher at real scale than in coleiotonditions. However, its determination, evewrantrolled
conditions, would help composting operators to sidfbeir process to the type of waste, especialjarding
the aeration strategy and the composting durafibns, Komilis (2006) defined this time as “a keygmaeter
for the proper design of solid waste compostinglifes”. However, few papers compare organic waste
according to the aerobic treatment duration reguioe their stabilization (Druilhe et al., 2007).

The biodegradability was also considered regar@m@fluence on the rise of material temperatunerd)

composting. Although most of the models of the costing process associate the heat production to the

removal of organic matter or to the oxygen consuonptate (Mason, 2006), literature accounts forydmo
articles (Adani et al., 2006; Scaglia et al., 2088arching for an experimental quantitative coti@tabetween
temperature rise and oxygen consumption during ostiny. As for time required for stabilization, thise of
material temperature does not depend only on weasté&re and properties, but also on the compostiagess
and on the size of the composting cell. Howeveasyigie a way to estimate the temperature rise coealtelpful
to formulate composting mixtures even at real scale

The analysis of literature emphasizes the neetlftrer work on biodegradability, stabilization ktics and
ability to self-heat during composting. This papans to compare household waste, separated pigrsaood
waste, pig slaughterhouse sludge and green alggarding their biodegradability, the time requifed their
stabilization and their ability to self-heat duringmposting. The study consisted in composting exm@ats

under forced aeration. The methods previously roeeti were used to measure wastes biodegradabitityca
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estimate the time necessary for their stabilizatidncorrelation was shown between the rise of nter
temperature and biodegradability. A way to estintiie time required for stabilization in case ofiting

oxygen supply was proposed too.

Nomenclature

Chio biodegradable carbon NK Kjedahl nitrogen

COD chemical oxygen demand Norg organic nitroge

CODy, biodegradable fraction of chemical oxygen demandNO, nitrite

Ccv coefficient of variation N©® nitrate

C/N carbon to nitrogen ratio oM organic mattentent

DM dry matter OMyo biodegradable organic matter
DMyio biodegradable dry matter QM initial content in organic matter
DMg initial content in dry matter OUR oxygen upalate

DRI dynamic respiration index PSS pig slauditese sludge

FwW food waste SPS separated pig solids

GA green algae TC total carbon

HW household waste wcC wood chips

NH,"/NH; total ammoniacal nitrogen

2. Methods

2.1. Composting device

Three similar reactors were used in parallel faheype of waste. Each reactor (Figure 1) consisfesh
airtight stainless steel cylindrical chamber (votum300 L, H = 80 cm, D = 70 cm). Heat losses wedkiced
by insulation provided by a layer of 10 cm polyhgie. Composting material was placed on a staistesd
grid with 8mm square-mesh. Air was blown under ghie and it crossed the composting material. Awss
placed at the bottom of the reactor to collectifaehates. The upper-part of the reactor constdtedstainless-
steel cone-shaped lid equipped with a gutter aligvdondensates collection. The out-going gas pabsedgh
a pipe towards a bottle condenser to trap wateowdefore reaching gas analyzers and chemical .traps
Compost turning required emptying the reactor, ngxand refilling.

The in-coming airflow was adjusted with a flow nmetEL-821-V, OMEGA Engineering Inc.). Taking into
account that this adjustment was not accurate dncugnean value of the flow was calculated everny la
dividing the volume of air, which came in the reacby the time between two measurements (# 24shotihe

volume of air coming in the reactor for around 2#&s measured with a volumetric gas meter (Gall020

5
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Actaris). Pressure (PTX510, DRUCK), moisture anchgerature (dew point and temperature transmitter,
VAISALA) of the in-coming air were measured in cionte. The measurement of airflow, pressure, maistur
and temperature allowed the calculation of the airyand the water vapour flows. Dry-air molar flavas
presumed nominally constant throughout the sysfeme. temperature of the out-going gas was measured i
continue and the out-going water vapour molar flaxs calculated by considering the exhaust gas was
saturated with vapour. Concentrations of oxygembaa dioxide, methane, ammonia and nitrous oxideewe
measured in both the in-coming and out-going aiflo Oxygen concentration was measured with a
paramagnetic analyser (MGA 3000, ADC). Carbon dleximethane and nitrous oxide were measured with an
IR spectrometric analyser (MGA 3000, ADC). Measugais were given in % volume for oxygen, carbon
dioxide and methane and in ppmv for nitrous oxitleese measurements were performed in continueSor 1
minutes per hour on each line¥(teactor, ¥ reactor, 3 reactor then in-coming airNH; was trapped in
sulphuric acid (1N). The traps (350 mL, 15 cm h#&ighere changed every day. The composting material
temperature was measured continuously thanks ¢e fAt100 temperature probes located in the lowglimigind
upper part of the compost. Temperature was measutbe gaseous phase under the lid too. The neagtass
variations were followed in continue, each reabtieing placed on a balance constituted by threehvsignsors
(X201-B, PRECIA MOLEN). Then, the mass of compagtmaterial was obtained by subtracting the mass of
the reactor. The masses of dry and organic matte walculated once the experiment was finished by
assuming that the removal of organic matter wagpgnt@mnal to oxygen consumption. The condensatéstiaa
leachates were collected and weighed every dayir Ebacentrations in total carbon (TC), chemicaygan
demand (COD), Kjeldahl nitrogen (NK), total ammarahnitrogen (NH/NH3) and nitrite (NQ) and nitrate

(NO3) were quantified according to the methods desdriirdow.

Figure 1 here

2.2. Organic waste origins

The household waste (HW) was collected at the ptdnitaunay-Lantic (Brittany, France) designed to
compost 15000 t. HW per year (including 2500 t.ustdal biowaste). The waste composition relatedirp
matter is 18.7% foodwaste, 16.3%paper, 6.2% cardb&a7% sanitary textiles, 5.9% plastic films. #is
plant, the household waste is introduced in 2 imgadrums (L=24m length, @=3.15m) where it remdorsfour
days and within it is submitted to forced aerai®B00 ni/h/drum). The development of the aerobic biological

activity is responsible for an increase of mateieahperature until 50°C whereas moisture decrefases42 to
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38%. The biological activity coupled with the ratext (0.5 to 1 round/hour) leads to a physical dégtian of
the initial waste and to a decrease of waste simeemsions Then, the out-going waste is submitted to
mechanical treatments in order to extract impiyiliee metals, plastics and glass. Finally, it ixed with yard
waste, then, composted in windrow for three monitte waste studied was collected after mechanaréihg
and before it was mixed with yard waste.

The food waste (FW) was collected at a cafeter0 (Beals/day). FW was composed with both waste
produced during meals preparation and food remgimnplates after lunch. This was especially pemliof
fruits or vegetables like salad, grapefruit, melaater melon, pineapple, courgette, cooked potatpasien
peas, French fries, noodles, rice, cooked meataipigchicken) and fish, bread, coffee grounds.

The separated pig solids (SPS) were collected g divestock farm where pig slurry (6156%year) is
centrifuged in order to separate solids from ligquithen, liquid is treated biologically to removetrogen
whereas solid fraction (277 t/year), containing rafphosphorus, is composted in order to be exgooutside
Brittany. Here, SPS was collected after centrificgaand before composting.

The pig slaughterhouse sludge (PSS) was colledtdtbavastewater treatment plant of the slaughteséo
The wastewater (1844%day) was submitted to a primary treatment, whishsisted of a flocculation followed
by a decantation. Then, the sludge was centrifageimixed with lime. In the case of PSS, the expenis at
the three aeration rates were not practised simedtasly, i.e. the sludge was sampled between Jarunat
October of the same year.

Concern with green algae in Brittany also led usttaly their behaviour in compostinghe green algae
(GA) were collected on the beach of St Michel eev@s in Brittany. They were rinsed to extract taeds then,
drained for 24h before their loading in the comjpasteactors.

Every waste was collected 24 to 48h before theyeu@aded in the reactors. The amount sampled ranged
between 150 and 600 kg depending on their densiyéhether they were mixed with wood chips or fidte
wastes were stored at 4°C until they were loadddaneactors.

Due to their low porosity, the household waste,ftdw waste, the pig slaughterhouse sludge andrien
algae were mixed with wood chips (WC). The raw wabibs were sieved in two rotating screens. Thesol
dimensions were respectively 30 mm and 12.5 mm eliammeaning that the wood chips pieces dimensions

were comprised between 12.5 and 30 mm.

2.3. Experimental design
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The experimental conditions are summarised in TablEhe wood chips moisture depended whether they
were stored inside or outside. Their dry matter j@dntent ranged between 40 and 95%. The wood etéps
added to the studied waste on basis of a visuahaon of the physical structure of the mixturéhus, the
mixing ratio on dry masses ratio ranged betweera@B1.1 kg waste per kg of wood chips. If necgssmme
water was added to the mixtures in order to okgamoisture content comprised between 55 and 70%niyli
was carried out in a concrete mixer (150L). Takimg account the densities of the mixtures, footaltvolume
of around 270L, the total mass varied from 59 t6 k§.

Three experiments were performed for each type astey each one under a specific aeration rater Afte
loading, a low aeration flow around 150 L/h was legpfor 24 to 48 hours until the material temparat
increased around 40°C. Then, the aeration rateimeasased and maintained constant. The aeraties ve¢re
in the same range for each treatment, compriseddaet 100 and 1100 L/h. The value of the highesitemer
flow was chosen on basis of airflows applied al seale. Except for PSS at 105 L/h which aimedinut|
biodegradation by oxygen supply, the medium anddhest ones were selected in order to achieverglae
stabilisation i.e. avoid limitation by drying toadt the material. The material was turned oncéhferseparated
pig solids, twice for the household waste and tie@dfwaste and three times for the green algaesdéssary,
some water was added when turning. Composting teggped when the oxygen consumption rate appeared

constant and around zero. The experiments lasted 27 to 50 days.

Table 1 here

2.4, Pre-treatments of the waste and the mixtures before chemical characterization

The methods used for the chemical characterizaégnire a low amount of the studied material. Isecaf
waste with high particles dimensions, the matariakt be grinded in order both to reduce samplingrerand
to allow chemical analyses. With our grinding eeuégmts, waste must usually be dried before grindirging
is also responsible for significant losses in t@aimoniacal nitrogen and even carbon. Thus, whgmgir
concentrations in total carbon and total ammoniatebgen in SPS were found as 340.4 g TC/kg DM Bh@
g N/kg DM instead of respectively 380.2 and 31.lewlapplying analysis on fresh material. Therefareen
possible, an alternative method was used prefalgntd one imposing drying. It consisted to appbveral
aqueous extractions in order to trap volatile niatén aqueous extract and prevent its stripingtigh drying.
These extractions led to the obtaining of a liqaitl a solid phase, both of them being further aealy
separately. The analysis performed on solids aquids are detailed in the next sub-section (2°Ehen, the

global composition of waste or compost was caleddty adding each contribution (liquid + solid).wé&ver,

8
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although they were lower, this method also ledbssés in carbon and nitrogen. Thus, the concemisain SPS
were found as 346.5 g TC /kg DM and 21.1 g N/kg Dstead of real ones being respectively 380.2 dndl. 3

The characterization of the composted mixturesainimg wood chips rose other difficulties. At reahle,
such a mixture is usually screened to extract catpehich composition depends on screen holes diioes.
Indeed, some parts of the composted waste may mesaaorbed on the bulking agent, whereas thisiagtbe
partly removed in the compost. Here, our aim wast fio establish some rigorous mass balances. Tds# m
usual method consists to dry 1 to 2 kg of compostedure, then to grind it and, to analyze the pewd his
method may have two limits: the losses when dryisefpre grinding previously mentionned, and sampling
errors, especially considering the proportions ast® and wood chips. To avoid these problems, wetad
asstrategy consisting in separating the compostesterfrom the wood chips as rigorously as possitiés
separation was obtained by screening. When theewsas$ closely stuck on the bulking agent, screeniag
coupled with an aqueous extraction.

Taking into account that wood chips pieces dimarsioere large and that they were mainly constitated
lignin, this method assumed that the wood chipsewrert, meaning that their masses in dry mattegl t
carbon, chemical oxygen demand and nitrogen rerdainastant during composting. Indeed, de Guarda. et
(2008) showed that wood chips biodegradation durorgposting accounted for less than 10% carborCaid
removed from composting mixture and usually lesantl®%. Thenthe composted wood chips were not
analyzed after composting treatments. Finally, ebat the pretreatment applied to characterize ¢ingposted
waste, i.e. with or without drying, the same methas used for the pretreatment of the initial waste

Due to its low dimensions, SPS and SPS compostpleancould be analyzed without any drying nor
grinding. Although the samples were mixed, the togfeneity for fresh sub-samples remained highen tha
they had been dried and ground. Consequently, whatbe analysis, 5 to 15 measurements were negdssa
get a coefficient of variation (CV) lower than 5%.

Fresh green algae were cut in a food grinder. Goimog the final mixtures, the composted green algase
separated from the wood chips thanks to planergjeii series. These were coupled with manual etidrac
when wood chips remained adsorbed to green algaexplained above, the chemical analysis of bakhfr
GA and composted ones also required 5 to 15 measumts to get a CV lower than 5%.

Mechanical sieving did not allow to separate cdtyeihie composted household waste and the composted
pig slaughterhouse sludge from the wood chips éncitrresponding composted mixtures. Therefore, R85

and the composted ones were pretreated by apphgogous extractions. In each case, three samplbe at
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minimum were pre-treated then analysed. If the faefnt of variation (CV) was lower than 5%, themet
analysis was registered. If not, some additionad@as were submitted to pre-treatment and analysis.

For HW and PSS, these extractions were practisedeébgddition of 1.5 kg of deionised water to ah800
g of raw waste. After 20 min stirring, the wasteswstreened on a grid with 1 mm square-mesh. Then, t
filtrate was centrifuged at 17700 g for 10 min toigh separating the aqueous phase from the sakd ©he
supernatant was kept apart. The solid phase wadaddhe solid coarse fraction obtained throughesung at
1mm. The extractions were repeated five times.gvery extraction, the amount of water added wasethe
amount of solid submitted to extraction. Finalljetfive supernatants were gathered and the mixia®
filtered on glass micro-fibre filters. The extradteolids were dried and ground. Then, both thedsaid liquid
samples were analyzed. The results obtained sheivetdor the household waste, the concentrationstal
carbon, chemical oxygen demand and Kjeldahl nitnogere higher, in the range of respectively 9, A6 85%,
when applying aqueous extractions, than those mddddy drying and grinding.

For composted mixtures, HW + WC and PSS + WC, atoBrkg deionised water was added to 1kg
composted mixture. After stirring for 20 min, thexitare was screened on a grid with 10 mm squarehnes
retain wood chips. Then, the agueous suspensioaioing the composted household waste or the cetedo
sludge, was screened on a grid with 1 mm squardxnTéee filtrate was centrifuged as described abdve
supernatant was kept apart and the solid phasedded to the solid coarse fraction obtained byesing at 1
mm. Then, once again, some water was added todiiet ghase and after stirring, the screening ared th
centrifugation were repeated as before. This pnaeedas repeated five times. Finally, the solidtiem was
dried and then ground and analyzed. The superateotaining most of the volatile elements, weathegred,
then analyzed thanks to the standard chemical rdstho

Due to its dimensions and its heterogeneity, thed favaste could not be analyzed without any grinding
However, the food grinder was not adapted to it. $amitary reasons and odors, the aqueous exinactiere
not applied. Then, in spite of the losses througlatilization, the food waste was dried before dimg and
chemical characterization. As for the initial wadiee composted mixture was sampled and the sawgde
dried and ground before its analysis. Three sampidsgitial food waste and final composted mixtukere
analyzed. Since CV were lower than 5%, the chariaetéon was validated.

Taking into account their nature and their dimensjdhe fresh wood chips were supposed containlog/a
amount of volatile elements. Thus, as for food esstthree samples were dried then ground before

characterization. As mentioned earlier, the congmbstood chips were not analysed.

10



hal-00455647, version 1 - 10 Feb 2010

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

25. Chemical analyses

Dry matter was measured by drying the initial wastd the composted mixtures (three replicatebafita2
kg each) at 80°C, until the weight remained cortstArhigher temperature was not used because ofiréne
hazard with this type of sample. Organic matter s measured by calcination at 550°C of the dyiedind
samples using the standard method NF U 44-160 (ARND®85). The aqueous extracts and the solids were
characterized through the measurement of theirecdmtin total carbon, chemical oxygen demand, gjeld
nitrogen and total ammoniacal nitrogen. The stathdaethods applied for the liquids were adaptedhéosblids.
In agreement with the method NF-EN-13137 (AFNORQDOQ the measurement of TC consisted in oxidizing
carbon to C@ then in the measurement of €8y infrared spectrometry (SKALAR device for ligsiand
solids). COD was determined by dichromate oxidadgndescribed in NF T 90-101 (AFNOR, 1971, 2001).
NH,/NH; was analyzed by steam distillation using MgO. Tistillates were trapped in boric acid 80,
40 g/L) and the boric acid distillates were badiated using sulphuric acid ¢8O, 0.2 N). NK was quantified
by mineralization within a strong acid medium (sdlf acid 98%) followed by steam distillation arfien
titrimetric determination of NIiH/NH; as described in the standard NF ISO 11261 (AFNC¥®5). Organic
nitrogen (Norg) was obtained by the subtractiomNefiH,"/NH; from N-NK. Nitrite and nitrate were measured
by ionic chromatography (DIONEX DX-120) or by cdloetry thanks to a flow injection analysis (low o
method, Lachat, Quikchem FIA+ 8000 series). Thenatd measured thanks to a pH meter (Hanna Ph 2110) wi

a probe (pH HI 1131) by dilution of 50 g wet samipl&00 mL deionised water.

3. Results and discussion

3.1. Composting materials temperatures

The composting materials temperatures are repesemt Figure 2 as a function of the waste natudecdin
the aeration rate applied. The rise of temperaduring composting can be compared provided thetiaareate
is not too low, which may limit the temperaturere&se, neither too high, which may cool the mateA8S
was submitted to the wider range of aeration, fid¥ to 1066 L/h. At the two highest aeration ratk&§ and
1066 L/h, the material temperature increased, anbiind 70°C, and decreased at the same rates€Ridu On
the contrary, at 105 L/h, the temperature increasdil a steady state at around 50°C. It remaitables for 30
days then it decreased at the same rate as thdighest flows. At 105 L/h, the oxygen supply, 0.04l
O,/h/kg OM,, was lower than the oxygen demand, around 0.1%hfikgl OM, at 1066 L/h (Figure 6a) and the

temperature profile shows that, in such conditighs, limiting aeration rate allowed to control theterial

11
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temperature. Except for PSS at the lowest flowgexysupply was never limiting as shown by Figur&iten,
the temperature rise can be estimated on the ba#iie temperatures registered at the lowest aerétws, i.e.
when heat losses by convection are minimal. Thus,highest temperatures were observed for PSSnérou
70°C at 486 L/h (Figure 2d), and SPS, around 6&igufe 2b). GA (Figure 2e) and FW (Figure 2c) eithith
the lowest temperatures, respectively 54 and 4Tt@se results confirm the assumption that the resdting
ability is closely correlated to the waste chamasties. A correlation between the material tempemand its
biodegradability will be proposed further (see 8.8.Concerning the potential cooling effect ofhigeration
rates, GA was the most sensible material (Figuje IBdeed, the peak of temperature was around 5156
L/h whereas it was 41°C at 391 L/h. In contrast, thmperatures of PSS at 486 and 1066 L/h (Figdyed?

SPS (Figure 2b) and of FW (Figure 2c) were almivsilar whatever the aeration rate.

Figure 2 here

3.2.  Chemical characteristics of the initial and composted waste

The chemical characteristics of HW, SPS, FW, PS&,aB6d WC are given in Table 2. HW exhibited the
lowest moisture content (48.7%), which differendathwrW (70.3%) is probably due to paper contaime&i.
Except for HW, moisture was higher than 67% andaligeomprised between 70 and 77%. The food wasie w
the most concentrated in organic matter (91.4% DWMgreas green algae were the lowest (53.3% DM). The
concentrations in total carbon and chemical oxydgmand ranged respectively between 260 and 5400ivkg
and 600 and 1430 g,®g DM. However, these variations were mainly doetganic matter content. Indeed,
considering all the studied wastes, the mean vafueC was 572.1 g/kg OM with a CV equal to 9.2%eTh
mean of COD concentrations was 1569.9,k@OM with a CV equal to 18.0%. In contrast, thaste differed
significantly to each other regarding their consentKjeldahl and total ammoniacal nitrogen. Naati neither
nitrite were detected in the initial waste.

Table 2 here

As mentioned before, our purpose was to establighraus mass balances rather than characterizing
composts, which composition at real scale depenudghe screening process. The characteristics of the
composted waste are mentioned in Table 3. Thetgsesiubwed that the concentrations in TC and CORllysu
decreased more or less significantly during compgsiThe concentrations in NK and NNH; increased or
decreased depending on the waste and on the aerat®. No nitrate neither nitrite were detectedthia

composted waste.
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Table 3 here

3.3. Contentsin biodegradable matter

The characterization of the initial and composteste allowed us to calculate the amounts of DM, OMI,
and COD removed during composting. Moreover, the@suement of the concentrations in oxygen and in
carbon dioxide in in-coming and out-going gas flailewed to calculate the total oxygen consumptad the
total carbon dioxide production. The amounts ofleigradable matter removed, expressed agdD®M,o, Coio
and CODLy;, or, as Q consumed and Gproduced, are given in Table 4 per unit of initiaass of organic
matter. These amounts varied only slightly with dagation rate as confirmed by the values of theffimients
of variation. It should be noted that the charasties calculated on gases(QCO,) vary less than the ones
measured on material (D OMypio, Goio and CODRY;,), meaning that the sampling and the characteoizaif
solids led to a lower accuracy than the ones omsgya#/hatever the indicator, the CV for each wasteew
always lower than 10% except for oxygen consumptiih the green algae. Probably, the low influentéhe
aeration rate was due to the low range of aerdtiovs applied. Thus, the highest CV were obsen@d”SS,
which was submitted to the highest range of aanatites. Taking into account the low values of G\ #hat
the experiments were stopped when the oxygen cgrtsumrate became constant and around zero, itean
assumed that the experimental conditions allowedtbdegradation of most of the biodegradable matkgch
should biodegrade under near optimal conditiongahposting. Thus, whatever the limitation, the axyg
supply in case of low aeration rate or, the tempeesand the moisture in case of high ones, itndidlead to a
significant underestimation of the biodegradabldtenaassumed to biodegrade during a compostingnesd.
Then, it was possible to compare the waste regautthieir content in biodegradable matter. Taking mtcount
that for each waste the amounts of QBoduced and of £, are more than twice lower than the amounts of O
consumed, DM, and OM,,, and almost three times lower than GTable 4), the amounts of G@nd G,
were multiplied by three, and those of @Mand DM, by two to adjust to the graph type used to compare
biodegradability. Thus, Figure 3 shows that thera father good correlation between the diffenedicators i.e.
DMpio, OMyio, Giic @and COR;, on one hand, and.,@onsumption and CQOproduction on the other. The food
waste and the household waste exhibited the higtaagents in biodegradable matter, and the sephte
solids and the green algae, the lowest ones. Tédegradability of food waste was around 453 g G/&D
DM, whereas Komilis (2006) found it around 364 g C.&@ DM,. The biodegradability of the slaughterhouse

sludge (PSS) and of the separated pig solids (88S)lso measured by respirometry in controlledlitimms
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at 40°C. These biodegradabilities were respectide&¥2 and 553 g £kg OM, (Druilhe et al., 2007) i.e.
slightly superior than those measured in compostimylation (1130 and 485 g,fRg OM).

Figure 4 showed that neither the C/N of the wastetime C/N of the mixture (waste + wood chips) waka
to predict the amount of organic matter biodegréglaly composting. Indeed, as often mentioned érditre,
the chemical contents in carbon and nitrogen masidpgficantly different from the biodegradable en#&lore,
as mentioned earlier, considering all the studiedtes, the mean value of TC was 572.1 g/kg OM wiGV
equal to 9.2% and the mean of COD concentratiorss1889.9 g @kg OM with a CV equal to 18.0%. Then,
TC and COD contents expressed per unit mass orgaatier were almost similar. In Table 4, data dbsuy
biodegradability show that whatever the parametgressed per unit mass organic matter (TC and COD
removed), these differed significantly from one tga® the others. As result, it seems that bioddaddity can

not be estimated thanks to chemical characterisfigstial materials.

Table 4 here
Figure 3 here

Figure4 here

3.4. Kinetics of stabilization

The kinetics of stabilization of the waste depemdtieeir biochemical composition and on their phgbic
characteristics. However, these kinetics are aifluenced by environmental conditions as oxygenplup
temperature or moisture, meaning that they shoelthbasured in controlled conditions. From a pratpoint
of view, one important feature of the kinetics t#lslization is the time for the concentration indegradable
matter to come down a defined value under optimaiposting conditions. This limit can be fixed affelient
levels according to the compost use. Consideriagafronomic use of composts, the determinationstélaility
level aims to avoid depressive effects on plantmjno At a composting plant, this limit can refer dolow
oxygen consumption rate, allowing to place the cashmunder maturation conditions i.e. a lower aeratind
less turning. Finally, this limit can also refergaseous pollutants in order to reduce emissiosoresible for
odours. Thus, D'Imporzano et al. (2008) showed thaite is a good correlation between biological post
stability and odour emissions. Whatever the dedinitof the stability level, literature confirms thauch a
determination is rather difficult (Barrena Gomezaét 2006). Here, our purpose has been to comibere
studied waste regarding a stability level alreadgduin literature i.e. the Dynamic Respiration b@BRI),
given by Adani et al. (2004) and Scaglia et al.020 These last consider that the composts wittR&|Bwer
than 500 mg g@h/kg OM or 0.016 mol gh/kg OM can be considered as very stable. The exygptake rates
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(OUR) obtained in our study, expressed as funatiotie initial organic matter contents, @QMire represented
on Figures 5 a, b, ¢ and d for respectively HW, SR8 and GA, and on Figure 6a for PSS. On Figuré®,
sudden increases of OUR were due to turning eveotssidering the stability level given by Adanikt(2004)
and Scaglia et al. (2000), 20, 25, 25 to 30 an@2@ays were necessary for respectively HW, SPS aRdv
GA to get OUR lower than 0.016 molL/@/kg OM, However, this comparison is a bit inaccurate eitiee
number and the dates of turning differed from orast& to the others. More, as proposed by Adani.et a
(2004a) and Scaglia et al. (2000), the DRI showddekpressed as function of the instantaneous doirten
organic matter, OM(t), and not the initial one. R8S, material was not turned during compostingFigdres

6 a and 6b provide a comparison between both OUliReszed as function of QMr OM(t). The instantaneous
organic matter content was obtained thanks to $seraption that the organic matter removal was ptapal

to the oxygen consumption. Once the experiment fiméshed, the OM content was measured and the total
oxygen consumption and the mass of OM removed e&@ilated. Since the oxygen consumption is follbwe

in continue, the mass of  organic matter  was obthineby  calculation as:
mOM (t) =mOM, - AOM ><[O2 (0 _>t)]/[O2 (o End)], with mOM(t) and mON, the masses of

organic matter at t and initially (kghOM, the mass of organic matter removed during ttgeement (kg),
0O,(0- End), the total consumption of oxygen (moles), @ -t), the amount of oxygen consumed until the
time t (moles). Whereas OUR expressed as funcfi@My, reached the threshold in 21 days, 5 days more were
necessary when OUR was given as function of OM{te difference between both values of OUR washall t
higher as the amount of the organic matter remakethg composting was high. Obviously, the differens
not constant and varies with time since OM contemies with time too. The required duration inceshto 25
days for HW and remained similar for SPS and GAr F@/, more than 40 days were necessary for
stabilization.

Figure 6a also exhibits the influence of a limitsgpply in oxygen on the kinetics of stabilizatibm.order
to illustrate this influence, an OUR profile measiiat 220 L/h was added to the one at 105, 486,66 L/h.
The sludge used at 220 L/h was sampled in the gaenied as the other ones. Whereas the stabilization
threshold was reached in 26 days at 1066 and 48635/ and 47 days were necessary when the aerates
were respectively 220 and 105 L/h. The similar OaiRl stabilization duration at 486 and 1066 L/héatéd
that the increase of the aeration rate from 488166 L/h did not allow to reduce the time necesdary
stabilization, meaning oxygen supply was not lingtiln contrast, the increase of time requiredstabilization
at 105 and 220 L/h confirmed oxygen limitation. éed, for PSS at 105 and 220 L/h, the oxygen sutés
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were respectively 0.040 and 0.081 mol/h/kg OMhereas the oxygen uptake rates increased unkiinmians
which were respectively 0.040 and around 0.064 fiay/ OM, i.e. 99 and 79% of oxygen provided. The
increase of composting duration in case of limithugply in oxygen could be estimated as followse TUR at
105 L/h was superposed on the OUR without any oxygepply limitation i.e. here at 1066 L/h (Figure).6
Then, it was possible to calculate the amount ofgex (mol Q/kg OM,) corresponding to the area A
comprised between the limited OUR (at 105 or 229 bhd the non-limited OUR (at 486 or 1066 L/h)wAs
equal to 20.0 and to 8.8 mol/kg Qdt respectively 105 and 220 L/h. Assuming A isstoned at the maximum
value of limited OUR, the additional delay requiffed stabilization was calculated by dividing A thys value,
i.e. 0.040 mol/h/kg OMat 105 L/h and 0.064 mol/h/kg QMit 220 L/h. Then, the additional delays for
stabilization were estimated to 20.8 and 5.8 daysspectively 105 and 220 L/h. The experimentsvalubthat
the stabilization was delayed of around 21 days0atL/h and 9 days at 220 L/h. Taking into accabat the
sludge was sampled at different dates at the wastewtreatment plant, the difference between erpartal
and calculated values at 220 L/h is acceptablen;Tin@vided the OUR under controlled conditions, without
oxygen supply limitation, and oxygen supply are wnp and that transfer efficiency can be estimatid,
method allows a first estimation of stabilizatiauraktion in case of limiting aeration.

Finally, the definition of a stability level allows consider that once this level is reached, thddgradable
matter content can be neglected regarding furtlketugon through composting. This leads to consittet
initial biodegradability is equal to the total acmbwf oxygen consumed from the beginning of compgstntil
attaining the stability level, and that it is eqtmlzero when OUR reaches 0.016 mol/h/kg OM(t). éinithis
assumption, the decrease of biodegradability cpomds to the amount of oxygen consumed during
composting. The decrease of biodegradability isasgnted on Figure 7 for HW at 117 L/h, for SP324& L/h,
and for PSS at 105 and 1066 L/h. The Figure 7 shbassthe curve slopes for biodegradability arozed
were still high, meaning that the stability threlshmight be slightly too high and that the calcaethdurations
were minimal ones. In addition, at real scale, depgy on the composting process and especiallyxygen
transfer efficiency, this duration should be highdowever, reducing the stability threshold shordther be
discussed on basis of potential risks i.e. odadepressive agronomic effects or aeration needsuwré&ig also
allows to illustrate the potential impact of biodedgability content in case of a reduction of aeratr even its
interruption. For example, this impact, in termsepressive agronomic effects or odours emissirsld be

higher with household waste and pig slaughterhslisige than with separated pig solids.
Figure5 here
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Figure6 here

Figure7 here

3.5. Respiratory quotient

The measurement in continue of oxygen consumptiwhcarbon dioxide production rates allowed cateula
the respiratory quotient GfD,. The respiratory quotients, from beginning untikslization, were comprised
between 0.87 and 1.02 which agrees with the vatwesiously found by Nakasaki et al. (1985), Gealet
(2004) and Komilis and Tziouvaras (2009). Figuregdees the variations of GfD, for household waste,
separated pig solids, food waste and pig slaugbtesen sludge during the first ten days of compostinging
the first hours, CgO, increased for SPS and PSS whereas it decreasetWfaand FW. When considering the
variations between day one and day two even tlineerespiratory quotient decreased whatever théewabe
most significant decrease was observed for HW fiton2 until 0.82. After ten days, the variations evemuch
lower, without any clear tendency, @0, usually varying between 0.8 and 1.0. Whatevewnthste, at the end
of composting, when reaching stabilisation, £&0) was around 0.9. For every waste, the influencaeoétion
rate was sensible after around ten days compolgauing to a discard between €0, quotients as illustrated
for PSS on Figure 8b. Interpret respiratory qudtiariations still remains complex. Indeed, theaeations
depend on elementary composition of biodegradahbtgién but also on parameters ruling accumulatio@O,
in composting material i.e. pH, moisture and aeratiate. Then, stating on stabilization seems edsje

considering variations of oxygen uptake rate or/eenthon dioxide production rate rather than rait@/O,.

3.6.  Amount of biodegradable matter and temperature rise during composting

The continuous monitoring of the temperatures emd¢bmposting material and in the incoming air aédw
to determine the mean and the maximum values opeemture rise during composting (Table 4). These
correspond to the mean and the maximum valuesrautddy subtracting the temperature of the inconaiing
from the material temperature during composting:ofrelation was searched between these and thergdnt
biodegradable matter expressed thanks to the oxggesumption. The temperature rise was shown baling
the higher as the mass of biodegradable mattermicmut in the pilot was high (Figure 9). This masssw
calculated as the product of the content in bioglégle matter of the studied waste @@ OM,) by the initial
mass of organic matter introduced in the pilot (¥g). In case of PSS, applying either a limiting aieratate
(105 L/h) or a too high one (1100 L/h) was resplolesfor a lower temperature rise. Except for P®Sthie
range of the aeration rates applied, Figure 9 owmsfithat the aeration rate had a low influencehanrise of

material temperature. As a result, the temperatise depended mostly on waste characteristicsthe.
17
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concentration in organic matter per unit volumeibdt and the concentration in biodegradable mattarunit
mass of organic matter. However, the influencehefderation rate was sensible when the ratio ofrthes of
biodegradable matter to the aeration rate decrdasdd case of a low mass of biodegradable mattdrat high
aeration rates. Thus, for mixtures of green algédd wood chips, when the aeration rates appliedewer
respectively 391 and 721 L/h, the maximum tempeeatwere respectively 40,7 and 34,5°C versus 53#°C
156 L/h. The correlations found between the tentpegarise and the mass in biodegradable matternwas
possible by considering only the biodegradable miganatter concentration. For example, although &W
SPS had some similar concentrations in biodegradatastter, the lower content in organic matter peit u
volume of pilot in the case of GA was responsiloled lower rise of its temperature during compagstiddani

et al. (2006) found a good correlation between rateemperature and DRI measured in compostsoitrast,
Scaglia et al. (2000) failed to predict self-hegtthanks to DRI during composting of some municigpalid
wastes (MSW), its organic fraction (OFMSW) and sameicipal and agro-industrial sludge. Our resaitsin
agreement with the observations of Adani et al0O@@vho explained that the variety of the physpalperties

of organic waste, in opposition to the homogeneftgomposts, did not allow to predict the self-gof fresh
organic waste thanks to the single concentratidsiadegradable matteAt real scale, the ratio of heat losses to
heat production should be lower and then the heatraulation higher. This should lead to some higladues

of mean and maximum temperature rise. However rafaion found here between temperature rise aad th

amount of biodegradable matter could be usedfiedtastep, to optimize the mixture formulation.

3.6. Carbon and chemical oxygen demand balances

The characterization of the leachates and the ¢mwades and the following of the oxygen consumpéiod
the carbon dioxide and methane productions allowedo establish carbon and chemical oxygen demand
balance closures (Table 5). Whatever the wastelo§§es in leachates accounted for less than 5%rbbno
removed from material with a mean value at arousd®0 These losses were higher at low aeration thtesat
high ones. COD losses in leachates did not exce&¥ and usually decreased when the aeration rateedp
increased. Losses of TC and COD in condensatesuatmmb respectively for less than 1.8 and 0.2% ef th
carbon removed from the material.

In most cases, methane emissions accounted fotHars0.5% carbon removed, meaning that carbon was
mainly emitted as carbon dioxide. It was not pdssib observe that methane emissions were alldiver as
the aeration rate was high. The highest emissibmsethane were registered for green algae, betdegand

6.7 g C-CH per kg initial mass of organic matter, which cobkl explained by the physical characteristics of
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GA i.e. their aggregation leading to the increabamaerobic areas in the material. For GA, ;@rhissions
accounted for 2.4 to 3.8% of the carbon removedtifuGA at 721 L/h aside, Gmissions ranged between
79 and 118% of carbon removed with a mean valuanar®4%. As a result, the ratio of the total lossks
carbon to the amount of carbon removed was comphistween 79 and 123% and the mean ratio was around
96%.

Similarly, the total oxygen consumption was foundatcount from 74 to 132% of the COD removed from
material. In our opinion, the emissions of volatllganic compounds do not allow to account for T or
COD balance defaults. Even then, the losses infidCtlze oxygen consumption should not exceed theuateo
of TC and COD removed from the materials. Thusspite of the precautions taken to sample, pre-@edt
characterize the initial substrates and the finedtumes, some experiments did not lead to cohepatdnces.
Although SPS were not mixed with wood chips antialgh their characterization was practised withany
drying, the mass balances obtained with SPS wdrenare coherent than the other ones. However, agatige
let us think that all the sampling, the pre-treatimand the characterization of mixtures containing
heterogeneous solids should be further investigatethe absence of equipment allowing the grindifdpigh
amounts of moistened material, using synthetic packnaterial facilitating aeration and which can dzesily
separated after composting, as practised by Ko(@086), should be favoured.

Gaseous emissions depend on waste nature and goosting conditions and duration. In a review on
environmental impacts of biological treatment ofjamic waste, Mallard et al. (2006) report some eangf
carbon dioxide and methane emissions measuredgdocoimposting at real scale or in pilots. The eroissiof
CO,, expressed as g GRg DM, were between 110 and 220 for household eydsttween 150 and 750 for
animal by-products, around 900 for biowaste andveeh 580 and 760 for wastewater sludge. In thidystu
CO, emissions (in g C&kg DM) were higher than previous ones i.e. aro94d, 460, 1660, 1100 and 440 for
respectively household waste, separated pig sdiids] waste, pig slaughterhouse sludge and gregaeal
Mallard et al. (2006) report a wide range of methamissions i.e. between 0 and 11.9 (g/&di DM) for
animal by-products, and between 0.5 and 9.5 fosébold waste. The emissions measured here weradarou
1.3, 0.8, 1.8, 1.4 and 3.4 for respectively HW, SP®/, PSS and GA. Thus, the variability of methane
emissions and their level were much lower whichbpiiy results from higher levels of porosity andatien at

laboratory than on most composting plants.

4, Conclusion
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The study compared household waste, separatealidg,sfood waste, pig slaughterhouse sludge aedrgr
algae regarding their content in biodegradable enatheir kinetics of stabilization and the levefsemissions
in carbon dioxide and methane during their compgstirhe content in biodegradable matter was givwea a
function of dry matter, organic matter, total cartamd chemical oxygen demand removed on one haddasa
function of oxygen consumption and carbon dioxidedpction on the other. These indicators were found
closely correlated whereas C/N ratio was foundewxant to predict biodegradability. The time reqdirfor the
stabilization of the studied waste was determimekference to a threshold stability level usuaigntioned in
literature i.e. OUR lower than 500 mg/@’kg organic matter. A method was proposed torest stabilization
delay in case of limiting supply in oxygen at argted of composting. The influence of biodegradabitihd
stabilization kinetics on the potential risks fatoairs or depressive agronomic effects was illustrgirough the
representation of the decrease of biodegradabiity function of the duration of composting.

The ability of the wastes to self-heat during cosipm was shown to be closely correlated to thal tot
amount of biodegradable matter in the compostitig €his correlation allows, at a first approach,dptimise
mixtures formulation in order to increase matetéahperature during composting.

Finally, carbon losses in leachates and condensates shown to be negligible whereas most of tmbara
removed was emitted as carbon dioxide. Mass badaircecarbon and chemical oxygen demand were

established and carbon dioxide and methane emssaiere given for each studied waste.
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Table 1
Mixtures composition and composting conditions

HW + WC SPS FW+ WC PSS + WC GA + WC

Fresh mass of HW, SPS, FWPSS, ) 65 3202 2001 144.03 14474 14639 2451 243473 106.49 109.63 10623 47.48 47.50 47.50

GA (kg)
WC dry matter (% wet weight) 94.5 57.2 39.9 38.8 41.8 91.72
Dry masses ratio® 0.52 0.55 0.56 035 035 0.36 0.71 0.82 0.78 41.01.05 1.03
Water added® (kg) 44.11  42.07 39.13 17.00 14.81 15.64
Total mass (wet weight in kg) 108.96 105.47 98.26 144.03 144.74 146.39 77.50 8753.52 193.36 192.68 195.52 59.79 59.79 59.94
Initial mixt. moisture (%) 56.29 56.31 56.28 67.49 64.00 62.86 63.33 69.38 4269. 66.20 61.40 61.42 61.29
Mean aerat® flow (L/h) 117 394 746 166 226 443 138 372 773 105 486 1066 6 15391 721
1% turning (day) 9 9 9 14 14 14 13 13 13 9 9 9
Water added® (kg) 10.06 9.78 15.01
2" turning (day) 17 17 17 21 21 21 17 17 17
Water added® (kg) 0 220 5.29
3" turning (day) 25 25 25
Exp. durat® (day) 29 29 29 27 27 27 37 37 37 50 29 35 35 35 35

Final mass (wet weight in kg) 9542 87.27 80.16 111.79 116.5 117.1 47.56 47.186945134.32 127.24 114.61 50.78 4898 42.05
Final moisture (% wet weight) 60.91 60.29 58.19 60.66 6295 59.05 5251 50.595148.64.36 62.04 53.43 53.60 53.67 41.45

hal-00455647, version 1 - 10 Feb 2010

#HW/WC, FW/WC, PSS/WC, GA/WC in kg/kg
® no water added initially in case of SPS, PSS, GA
¢ water added when turning
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Table 2
Chemical characteristics of initial wastes and wobips

PSS wC

HW SPS FW 105 L/h 486 1066 GA min. - max.

Moisture (% wet weight) 48.70 67.49 70.30 76.90 76.02 7255 75.17 5.52 61.
OM (% DM) 758 722 914 81.5 814 82.9 53.3 98.0-99.8

TC (g/kg DM) 464.2 380.2 513.1  480.3 463.2 540.6 263.4 4630:15
COD (g OJ/kg DM) 1299.2 978.8 1277.0 1429.2 13794 16122 602.1 .0274363.2
NK (g N/kg DM) 170 311 397 49.8 60.1 45.6 35.1 0.7-1.0

NH,/NH3 (g N/kg DM) 0.0 10.5 nm 6.8 9.0 12.2 0.9 0.0

pH 8.5 nm nm 8.7 7.3 8.0 8.1 nm

nm:not measured
@Since composting experiments with PSS were nobpagd simultaneously, three samples of PSS wed use
each one at a specified aeration rate, leadinigré@tseries of characteristics.
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Table 3
Chemical characteristics of the composted wastes

HW SPS FW PSS GA
Aeration rate (L/h) 117 394 746 166 226 443 138 372 773 105 486 1066 6 15391 721
OM (% DM ®) 87.5 86.3 86.4 62.2 62.4 62.9 97.6 96.1 96.8 69.8 796 73.2 20.9 24.7 20.2
TC (g/kg DM ?) 443.4 498.7 487.2 323.7 3157 3145 4576 4445 9444 3914 3935 4406 1452 1629 150.2
COD (g O,/kg DM ?) 11495 1220.8 1088.0 925.8 902.6 861.3 1229.0 024212250 1062.6 113.6 1207.7 292.0 336.9 284.9
NK (g N/kg DM ?) 29.6 31.8 26.0 39.5 40.5 39.1 6.2 7.6 6.7 47.6 34.931.8 19.3 21.7 13.7
NH,*/NH; (g N/kg DM 9 0.3 0.3 0.1 10.4 9.9 10.8 nm nm nm 18.5 9.7 55 4.8 4.2 2.1
pH nm nm nm nm nm nm nm nm nm 8.4 7.3 7.9 8.0 7.0 8.6

& All the concentrations are given per % or kg DM composted waste and not as function of DMheffinal mixture “studied waste + wood chips”

nm:not measured
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Table 4

Removal of biodegradable matter as a function efitaste nature and of the aeration rate

Aeration g OJ/kg gC- g Guio/kg g CODyio/kg g DMpio/kg g OMyo/kg a CIN Resplr_atory ar a7
rate (L/h) OM CO2/kg OM OM OM OM C/N mixt. guotient mean max
0 OM, 0 0 0 0 ' (mol/mol) (°C) (°C)
HW 117 978.8 330.9 415.4 1201.6 838.7 894.1 0.90 9 18. 35.6
394 970.8 336.5 427.4 1265.0 918.2 978.6 0.92 2 15. 37.6
746 954.5 348.2 380.6 1203.2 812.5 880.7 0.97 8 14. 37.5
Mean 968.0 338.5 407.8 1223.3 856.5 917.8 29.0 780. 0.93
CV (%) 13 2.6 6.0 3.0 6.4 5.8 3.9
SPS 166 522.0 176.5 196.2 410.9 364.6 365.6 0.90 26.541.5
226 544.5 179.9 210.6 452.6 384.8 376.2 0.88 22.640.5
443 520.2 167.4 208.7 485.7 375.3 364.8 0.86 22.139.2
Mean 528.9 174.6 205.2 449.7 374.9 368.9 12.3 12.3 0.88
CV (%) 2.6 3.7 3.8 8.3 2.7 17 25
FW 138 1511.2 493.4 566.4 1220.9 797.2 775.2 0.87 210 231
372 1447.0 495.7 576.1 1063.5 712.3 746.4 0.91 4 7. 221
773 1362.6 498.7 551.1 1091.5 668.1 676.9 0.98 1 7. 228
Mean 1440.3 496.0 564.6 1125.3 725.8 732.8 129 646 0.92
CV (%) 5.2 0.5 2.2 75 9.0 6.9 5.8
PSS 105 1205.0 372.9 330.3 1050.4 565.1 537.8 9.6 441.3 0.83 20.1 27.9
486 1030.0 350.9 287.7 898.3 513.1 513.5 7.7 422.8 0.91 28.5 51.0
1066 1154.4 374.2 328.3 1057.3 471.0 461.6 11.8 .7425 0.86 24.1 47.4
Mean 1129.8 366.0 3154 1002.0 516.4 504.3 9.7 9129 0.87
CV (%) 8.0 3.6 7.6 9.0 9.1 77 21.2 2.3 4.8
GA 156 580.4 205.0 208.2 551.6 590.6 0.94 7.3 31.0
391 536.9 220.2 197.0 510.3 551.7 1.09 5.3 18.2
721 391.8 250.0 178.2 525.3 572.2 1.70 1.9 12.0
Mean 503.0 212.6 1945 529.1 194.5 7.5 374.5 1.02
CV (%) 19.6 5.1 7.8 4.0 7.8 10.5

3 C/N of HW. SPS. FW. PSS and GA
® C/N of mixtures: HW+WC. SPS. FW+WC. PSS+WC and @/
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Table 5
Carbon and COD balances and carbon dioxide andametmissions

Losses in carbon as percent total carbon  CO, and CH, Losses in COD as percent total
. removed from material (%) emissions COD removed from material (%)
Aeration
rate (L/h) Clo_sure gC- gC- Clo_sure
Leach! Cond? CO, CH, in CO,/kg CHykg Leach! Cond? O, in
carbon* OM, OM, coD®
HwW 117 0.4 0.0 79.6 0.5 -19.50 330.5 1.9 0.3 0.0 81.218.5
394 0.0 0.0 78.7 0.3 -20.90 336.2 1.3 0.0 0.0 76.7-23.3
746 0.0 0.1 91.5 0.4 -8.10 347.9 1.4 0.0 0.0 79.320.6-
SPS 166 0.0 0.3 90.0 0.1 -9.50 176.5 0.3 0.0 0.0 127.27.3
226 0.0 0.3 85.5 0.1 -14.10 179.8 0.3 0.0 0.0 120.20.3
443 0.0 0.3 80.2 0.2 -19.30 167.3 0.4 0.0 0.0 107.17.1
FW 138 1.2 0.5 87.1 0.0 -11.20 493.7 0.0 15 0.2 121.23.4
372 1.7 0.3 86.0 04 -11.50 496.0 2.1 2.6 0.2 132.35.1
773 0.7 0.4 90.5 0.5 -7.80 498.7 2.9 0.2 0.2 124.24.7
PSS 105 5.0 0.0 1123 1.1 18.40 372.8 3.7 1.9 0.0 114.16.6
486 3.2 1.8 118.3 0.0 23.30 350.7 0.1 2.2 0.1 212.14.4
1066 1.4 0.0 104.0 0.2 5.70 374.1 0.7 0.0 0.0 @O1. 1
GA 156 0.0 0.2 98.1 2.4 0.60 205.0 5.0 0.0 0.0 105.0 5
391 0.0 0.2 111.7 2.3 14.10 220.3 4.6 0.0 0.0 904. 49
721 0.0 0.1 140.2° 3.8 44.03 250.0 6.7 0.0 0.0 74.4 -25.6
Mean 0.9 0.3 93.8 0.8 -4.27 0.6 0.0 105.5 6.12
Max. 5.0 1.8 118.3 3.8 23.30 498.7 6.7 2.6 0.2 .33235.10
Min. 0.0 0.0 78.7 0.0 -20.90 167.3 0.0 0.0 0.0 474.-25.60
!Leachates
2Condensates

% Not accounted in the calculation of the corresjmgarean. minimum and maximum values

* Closure in carbon: [(Losses in carbon in leachate®sndensates and as £&nd CH) — (Carbon removed
from material)]*100/(Carbon removed from material)

® Closure in COD: [(total @consumption) — ((COD removed from material) — @essin COD in leachates +
condensates))]*100/[(COD removed from materiall.es&es in COD in leachates + condensates)].

28



hal-00455647, version 1 - 10 Feb 2010

|

probes

-t Gas analysers ‘
(Oz, COy, CHa , N;O) |

Condensates

¥

Data
acquisition
device .. :
A e v
e . Mass production
daily recording and <.
|:| Gas sensors (T °, sampling
Moist., Pres.) a
O =
] Continuous { i
Air compressor weighing H
Volumetric gas device
meter - T O P — i

Figure 1: Scheme of the composting simulation maad monitoring devices.
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Figure 2:Composting materials temperatures.
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Figure 3: Wastes biodegradability.
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Figure 4: Relevancy of C/N as an indicator of bigréelable matter content.
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Figure 5: Oxygen uptake rate as a function of tiitéeal content in organic matter.

33



hal-00455647, version 1 - 10 Feb 2010

0,20 0,20 0,20
a b
< 015 =0,15 < 0,15
= = =
(@] o (@]
2 g 2
= 0,10 | £0,10 - < 0,10
) =) ©
E E £
o 5 B o o
3 005 | 30,05 - 3 0,05
0,00 0,00 4 ‘ ‘ ‘ ‘ ‘ 0,00
0 10 20 30 40 50 0 10 20 30 40 50
PSS (1066 L/h) Day PSS (1066 L/h) Day
¢ PSS (105L/n) + PSS (105 L/h)
= PSS (486 L/h) ~ - --0,016 mol//kg OMO .

o PSS (220L/)
77777 0,016 mol/h/kg OMO °
——=- -0,040 mol/h/kg OMO .

PSS (220 Lih)
PSS (486 L/h) -

17

R

0 10 20 30 40 50
PSS (1066 L/h) Day
PSS (105 L/h)

-0,040 mol/h/kg OMO

Figure 6: Oxygen uptake rate of PSS as a functidheoinitial and instantaneous organic matter ents and of

the aeration rate.

34



hal-00455647, version 1 - 10 Feb 2010

40

PSS (105 L/h)
30 e

20 \

10 - 4

[ \ PSS (1066 L/h)

« HW (117 L/h)
= SPS (226 L/) -
PSS (1066 L/h)

PSS (105 L/h)

Biodegradability (mol O2/kg OM(t))

Figure 7: Decrease of biodegradable fraction fremgitning until stabilization.

30

40 Day 50

35



hal-00455647, version 1 - 10 Feb 2010

1,8
# (a)
~ 16
o
E 142
S 5
SEVE
o
ST = ———
O
O 08 |
*
0,6 g T T T T
0 2 4 6 g8 Day 10
« HW 117,5 L/h . SPS 166 L/h
FW 138 L/h - PSS 105 L/h

C02/02 (mol/mol)

0,6 =& : :

0 10 20 Day 30
« PSS 105L/h = PSS 486 L/h » PSS 1066 L/h

Figure 8: Variations of respiratory quotient forusehold waste, separated pig solids, food wasteignd
slaughterhouse sludge.

36



hal-00455647, version 1 - 10 Feb 2010

dT mean and dT max (C)

D
o

50 | X
y =1,5672*x + 13,682 R2 = 0,7523 PSS,
40 o8 = 105 L/h
30 | + . 8
20 aal L .
£ aY \—
/+"/ . PSS,
10 P = e 1066 L/h  —
y =1,3307 *x - 0,851 R2 = 0,9015
0 T T T T T
0 5 10 15 20 25 30

Mass of biodegradable matter (kg O2)

& HW - dT mean m SPS - dT mean A FW - dT mean PSS - dT meanggGA - dT mean
OHW -dTmax o SPS-dTmax AFW -dTmax xPSS-dTmax + GA -dT max

Figure 9: Self-heating as a function of the totaksiof biodegradable matter in the pilot.
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