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Abstract

The biological activity of eight organic substrat®as assessed using different
techniques under aerobic and anaerobic environmantdifferent scales. The used
substrates included simulated fresh to actual lstatdicomposts. Experiments included
dynamic respiration (with 30 L and 5.5 L reactossgtic respiration (with 1 L reactors)
and biochemical methane potential (BMP) tests (with L flasks). The indices
evaluated were: the 24-h dynamic respiration in@Rl,4) and the cumulative dynamic
respiration indices at 4 and 7 d (DGRiInd DCR}, respectively) measured with two
different methods, the maximum dynamic £§@neration rate (D-C024) at 24h and a
dynamic cumulative COgeneration after 7 days (D-GQO), the maximum static O
consumption rate in 12h and 24h (gRbnd SRi,), the static cumulative O
consumptions after 4 and 7 days (S&&1d SCRY) and the static Cgeneration after
7 days (S-C@ and the BMP after 30 days. The 24-h dynamic raiph index (DRis)
ranged from 25 to 3000 mg,®g*VSh® in one lab and from 150 to 3500 mg @™
VS h'in the other. A positive statistically significararrelation was achieved between
the two types of dynamic indices. In addition, @id, production after 30 d showed a
strong positive correlation with both DRIindices and the cumulative dynamic
respiration indices at 4 and 7 d (DGRhd DCRY}), as measured in both labs. The static
respiration indices did not correlate well with tkignamic respiration ones. The
practical implications of the use of the biodegtama activity indices were also

analysed and discussed.

Keywords biochemical methane potential; compost; dynamesgpiration index; organic

substrate; respiration activity.
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1. INTRODUCTION

A wide research on respiration activity indices lhaen conducted in order to
characterize the biodegradation activity and stgbibf organic substrates [1-10].
Stability usually refers to the resistance of organatter to biodegradation [11] and/or
the extent to which readily biodegradable organatter has decomposed [12]. A high
content of an easily degradable fraction meansvabiological stability and vice versa
[13]. Stability is commonly assessed via measurgésneh oxygen consumption and
carbon dioxide generation [4, 12, 14-15], methaaregation [15-17] as well as via
temperature evolution through the self-heating [tH8{20]. All above techniques can be
adopted to measure the biodegradation activityesfifto stable substrates.

In the current study aerobic microbial respiratiaativity (in which Q
consumption and CQOgeneration are the dominant indices) and anaediigity (in
which the CH generation is the key index) were measured. Thiedegical indices are
essential for evaluating biomass degradation a@gtfer compliance or process control
purposes, since these methods, although in a snsallde can reproduce the actual
waste degradation process [21] and can desigrestirtent technologies.

In particular, with regard to the aerobic respoatiactivity, different aeration
modes have been tried; static with intermittenflaiv and dynamic with continuous air
flow. In dynamic respiration methods, further diffaces exist regarding the selected
airflow rate. Airflow rates between 20 and 30 mhihhave been reported by [9, 21] in
order oxygen content at the exhaust gases be abo% (v/v). Similarly, [4]
continuously adjusted the airflow rate in ordecémstantly maintain an oxygen content
of 140 ml L* air (14% v/v) at the reactor’s outlet stream.

Experiments in several scales have been reportesdess static and dynamic
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respiration indices [3-4, 8, 12, 22-23]. For exasnpherobic respiration has been
assessed in small 500 mL dynamic reactors [9],3n 5eactors [24] and in up to 30 L
reactors, such in the Di.Pro.Ve-CosT&alystem [25].

How representatively can all these reactors meakeractual respiration activity
of the material? Can they all assess the same higdractivity regardless of sample
size and boundary conditions?

Although larger reactors are usually better in ohsample representation, they
are usually more complex during their operatioffjailt and costly to be constructed.
Moreover, they require large sample sizes and a&jpdin can be sometimes very
limited to non-existent due to cost constraints. t@& other hand, smaller reactors are
easier to construct and operate and allow the empater to run simultaneously many
replicated experiments. The Di.Pro.Ve-CosTeskistem is more automated and allows
the measurement of several variables at shortititeevals; in addition, air flow can be
controlled either through the oxygen content omdigh the temperature readings.
However, due to economical limitations in severaste treatment facilities, plant
operators are seeking less cost-benefit technitpuassess biodegradation activity and
compost stability. Stability indices are used fampliance tests in Germany at a
national level [26], in Italy at regional/provintivel [27] and in England and Wales
[28], for both MBT materials and composts. MoregvBRI has recently received
official recognition at EU level for purposes ofstlardization [29] and validation [30].

The objective of this work refers to i) assess bimedegradation activity of 8
organic substrates of different biodegradabilitiestwo different laboratories, using
different microbial activity assessment techniqpes laboratory and ii) investigate

correlations among those indices. One laboratoryjotated at the Mediterranea
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University of Reggio Calabria (Italy), and will irerein referred to as either UNIRC or
ITA, whilst the other is located at the Democritusiversity of Thrace in Xanthi

(Greece) and will be herein referred to as DUTHERE.

2. MATERIALSAND METHODS
2.1. Substrate description and preparation

Eight different organic substrates of differentgori and composition were
investigated in this study (Table 1). Samples waslected in such a manner so that to
cover a wide range of organic matter contents apdaed degradabilities.

HC 1 was a mature home compost obtained from holdebrganic waste,
produced by kitchen and garden waste mixed withindatdd quantity of wood
combustion residues, constituted by coal and ammp8ng for that substrate took place
after one year of composting in a custom made iplasimposter, by opening the top
cover and grabbing randomly samples from seveliightseof the composter. HC_2 was
a 21-d aerobically stabilized home compost producdthly from a mixture of kitchen
waste (60% wb) and wood chips (40% wb). OFMSWC wa®mpost prepared from
the organic fraction of commingled municipal saidste (OFMSW) and was obtained
from a full scale mechanically and biologically amment (MBT) facility at Reggio
Calabria after 28 days of aeration. Approximately Kg of material was randomly
sampled by the plant managers.

Substrates SIM_FW1 and SIM_FW2 were raw food watttaswere artificially
prepared in both labs on-site. This was done irerotd achieve an expected high
degradability and to check the reproducibility ofasurements between the labs with

those simulated wastes. SIM_FW1 was prepared bingm&5% of cooked pasta, 25%
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of white bread, 25% of chopped apples and 25% ibédgminced beef meat (on a wet
weight basis, wb). SIM_FW2 was prepared by mixifgdof uncooked pasta, 30% of
uncooked frozen fries and 20% of beef dog food i(alvb). Those ingredients were
obtained from the same commercial chain that iatkgt in Italy and Greece. The two
aforementioned substrates (SIM_FW1 and SIM_FW2eueit for a week in a sealed
plastic bag after preparation, and before theaitin of the experimental runs, so that
to better simulate actual food wastes. FORW waanapte of leaves obtained from a
forest floor during spring, by collecting all theadlable leaves from a 2 ‘mandomly
selected area. FAMN was a fresh (1 week old) animahure, collected from a cow
breeding facility, that consisted of cow manure atraw. AMNC was obtained from
the same facility, after passing through a solighlili separator and after stored in piles
for 1 week.

For substrates HC_1, OFMSWC, FORW, FAMN and AMN@@dt 4 to 10 kg
(wet weight) were collected, while sampling waddwoled by a sequential quartering
process in order to ensure randomness and homagjenizin the case of simulated
substrates (SIM_FW1 and SIM_FW2) and HC_ 2, the wlaohounts were used for the

analysis.

Insert Table 1

HC_ 1, HC_2, OFMSWC and FORW were collected fromdiegalabria (Italy),
and then divided and individually sealed in twofetént plastic bags, containing
approximately the same substrate quantity (abol® 4g). One of the two bags was

placed in a non-insulated paper box, that wastalemughly sealed and was shipped by



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

airmail to Xanthi (DUTH, Greece). The other bag weept in UNIRC at room

temperature until the other part reached Greecaallysafter 4-5 days. As soon as
samples arrived in Greece, characterization statigoe same time in both labs. FAMN
and AMNC were collected from a cow breeding plasamXanthi (Greece) and were
shipped to ltaly following the same abovementiopeacedure. Substrates SIM_FW1
and SIM_FW2 were prepared concurrently in both datwies, using the same raw

materials and proportions, right before the initiatof the analyses.

2.2. Initial characterization

The preliminary characterization of the substratas performed simultaneously
at both labs using similar standard techniques.sMieaments of moisture (M), volatile
solids (VS), pH, water holding capacity (WHC) weerformed in both labs, whilst the
elemental analysis (total carbon and total nitrogentents) was performed in DUTH
only. Moisture content was measured through weditierence at 75°C till constant
weight, whereas volatile solids were measured mu#le furnace through the loss on
ignition of dried and ground material at 550°C 2dnours. Volatile solids, moisture and
pH were measured according to [31] and [32].Towbon and total nitrogen were
measured using an elemental analyzer (CE Instrian&@iINS-O Model EA-1110),
according to [31] and [33].

Moisture, VS and pH measurements were done in Rpoto 5 replications,
whereas total C and N were done in six replicatidime replications aided to check the
statistical relationship between the initial paréene performed in UNIRC and DUTH
using ANOVA principles.

The WHC was measured according to method TS 1138}y placing 1000 g
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of sample in a previously weighed wet cotton bagjctv was immersed in a water
container for 24 h. The bag was removed from theemand allowed to drain for 6 h
and then re-weighed. Table 2 shows which propeatigsrespiration indices (discussed
in next section) were measured in each laboratory.

In both labs, prior to the initiation of the dynamiespiration tests, all samples
were optimized for moisture content by adding,etessary, water to reach the 75% of
the corresponding WHC [34]. In addition, bulk deysvas adjusted, where needed, by

adding a styrofoam material to maintain a valuettiermixture below 450-500 kgfm

2.3. Dynamic respiration activity tests
2.3.1. Dynamic respiration index at UNIRC (ltaly)

The dynamic respiration activity in UNIRC was measuusing a 30 L adiabatic
respirometric reactor (Costech International, CsecousulNaviglio, Italy) according to
TS 11184 method [34] and [30]. The characteristithe Costech reactor is that it is
adiabatic and that air flow entering the reactacastinuously adjusted so that to keep
the G concentration in the outlet stream between 14%1atd (v/v), as suggested by
[5-6, 25] and [4].

Advantages of the CostétBystem include: i) the large volume of the reathat
can help minimizing sampling errors, especially fbeterogeneous materials
characterized by a relatively large size of thdiplas, ii) the automation of oxygen and
temperature measurements, and iii) the abilityclamtinuous automatic adjustment of
the air flow. The main disadvantages are relatethéohigh investment cost and the
maintenance of the apparatus. Moreover, therenised of controlling the temperature

of the inlet air, especially in case of low biolcgi activity, since the results of the test
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are influenced by eventual significant changeshentemperature of the air supplied to
the reactor. In terms of applicability, the maisus is the availability of the substrate,
each time measured, because the operational guaeétled is -at least- 3.0 kg.

The hourly oxygen uptake rate (Ok)Rvas calculated according to [30]:

OUR, [mg O;kg* VS H'] = Q * AO,* V41 * 31.98 * VS* (1)

Where:
Q [L h™] is the airflow rate
AO, [mL L™ is the difference between the inlet and outletcOncentrations of
the reactor
Vg [L mol™] is the volume of 1 mol of gas at the inlet amfeerature
31.98 [g mof] is the molecular weight of O

VS [kq] is the initial weight of volatile solids @ted in the reactor.

Oxygen content measurements were performed evexyhonr. The DRl was
then calculated as the moving average of the 24 Oldfues, taken over the 24 h
period that had the most intense biological agtivithe amount of each substrate placed
in the reactor ranged from 3.7 to 8.2 kg (wet whiglepending on bulk density (and
availability of materials), whilst the volume occeg in the reactor was always
maintained similar for all runs (approximately 15. The temperature in CosTéch
reactors was measured via a probe placed in thieecefithe biomass. One run was
performed for each substrate (n=1), which is carsd sufficient and representative

due to the relatively large amount (> 3.5 kg) & $ample placed in the reactor [8].
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2.3.2. Dynamic respiration index at DUTH (Greece)

The dynamic respiration activity in DUTH was measlrin 5.5 L dynamic
reactors made from plexi-glass, as described iaildey [24]. The air flowrate was
adjusted with a volumetric flowmeter. Reactors wplaced in a heated room at a
constant temperature of 35%2 but no temperature measurements within the seact
were performed. A wet sample of 500 g was placeeaich reactor for each substrate.
The unit air flow (UAF) rate for all eight substeatwas maintained around 12 L air kg
Vs hH*; thus, the actual air flow rate was adjusted atiogty from 15 to 60 mL mit.

In any case, the UAF rate never exceeded 140mHrgikg® min™ according to [35]
suggestions.

Measurements of the instantaneousa@d CQ contents at the reactors’ outlet
were performed manually, using a portable gas aealyGA-2000P, Geotechnical
Instruments Ltd., U.K). The frequency of the measunt varied, from three to eight
times per day, depending on the biological actieityeach substrate. The most intense
biological activity, characterized by highy @onsumption and high G@eneration, was
observed during the first 4 days from the initiatiof the experiments. In this initial
period, more frequent measurements were made terbermulate the respiration
activity profile. During the last days of the exipeents, the measurement frequency
was decreased, since Gonsumption and CQOgeneration profiles tended to stabilize.
The same sampling frequency had been performeglatified in [24].

The DRb4 was calculated similarly to above [4, 9]. The miaxim CQ generation
rate (D-CQ_24) was calculated as the maximum of the averafjdise instantaneous
carbon dioxide generation rates recorded duringsti@e 24-hour period of higher

activity. DRI measurements were done in triplicates six substrates (OFMSWC,
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SIM_FW1, FORW, FAMN, AMNC and SIM_FW2) and in dugdies for substrates

HC 1 and HC_2. All replicates were run concurrently

2.3.3. Other dynamic respiration activity indices

Other dynamic respiration indices that were calealaon the basis of the same
measurements done when calculating f2Rlwere: cumulative dynamic O
consumption after 4 and 7 days (DGRIhd DCRJ, respectively); calculated as the
integral below the OUR curve from day 0 to daysd &, respectively. In DUTH, the
maximum dynamic C@generation rate (D-C024) at 24h and a dynamic cumulative

CO, generation after 7 days (D-GQO) were also calculated.

2.4. Biologic Methane Potential (BMP)
BMP tests were performed in UNIRC in duplicates emchesophilic conditions.

The amount of substrate used was between 1.3 8owgt.g for each vessel. Tests were
performed using a WTW OxiT6pAN6 (Germany) apparatus that consisted of three
sets of 6 glass bottles (1.1 L volume) placed arrtiostatic cabinet at 35+0.5 °C and
equipped with a manometric head that recorded presscreases due to biogas
production. Each bottle was continuously mixed byagnetic stirrer. Biogas produced
passed through a NaOH solution (3M), for Gfdsorption and methane production was
then measured by an eudiometer (water displacemetitod). Anaerobic inocula were
collected at three different periods from the secstage of an anaerobic digester that
was working in mesophilic conditions and was fedhwagro-wastes (cattle manure,
chicken manure, agriculture residuals and othewustréhl waste coming from the

transformation of agriculture products such aseoland citrus). Immediately after

11
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sampling, inocula were sieved (<1mm) to removeddigrous materials (e.g. straw)
and were kept under endogenous anaerobic condio85°C (mesophilic inocula) for

a minimum of 7-10 days to reduce blank biogas pctdno. The BMP of the substrate
was calculated (in NmL CHg' VS) by subtracting the methane production of the
inoculum (i.e. blank biogas production) from theogg methane production. The
characteristics of the inocula ranged from 21.69d g TS [} with a VS content from
55% to 73% (% TS). The substrate to inoculum r@tigg VS/g VS) was always kept at
around 0.4 to 0.5. The methane yield of the inocaleged from 3% to 20% of the
methane yield of the main substrates, except ircéise of HC_1 for which the methane

yield was comparable to that of the inoculum.

2.5. Static Respiration Index (SRI)

Static respiration indices were measured only inTBWSIing a 1 L static solid
phase respirometer equipped with WTW OxiTop+@anometric heads, following the
methodology described in [23] and [10]. 50 to 76f gvet substrate were placed in each
static respirometer and moisture content was asfjugi an optimal moisture content
range between 50% to 60% ww. A 50 mL plastic beakeed as an alkaline trap
(containing a 2N KOH solution), was placed insikde tespirometer in order to quantify
the amount of C-C@generated by the substrate. Respirometers wené/folosed and
momentarily opened daily, so that the maximum presdrop inside the vessels within
two consecutive aerations would never exceed 12&0ftiPany of the substrates. Based
on the ideal gas law, this maximum pressure dropesponded to a residuap Gontent
in the vessel equal to 5% v/v, which still sustaaesobic conditions. These maximum

pressure drops were observed after 24 h during fitls¢ couple of days. All
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measurements were performed at@and lasted 7 d in an incubator at the absence of
light. Experiments were performed with 4 to 6 regles per substrate.

The indices calculated for the static solid phas&t in this study were: the
maximum Q consumption rate recorded over 12h and 24h penbdigghest activity
(SRhy, SRbs, in mg Q kg VS hY), the cumulative @consumptions after 4 and 7 days
(SCRL, SCRV, in g O kg™t VS hH') and the C@generation after 7 days (S-gan g C-

CO, kg™ VS) as explained in [10].

Insert Table 2

3. RESULTSAND DISCUSSION
3.1. Substrates’ characterization

The initial properties of the substrates are inetlth Table 3, where it is shown
that there was a very good agreement between it properties (moisture content,
volatile solids and pH) of all substrates from bths; this ensured that respirometric
experiments on all materials started with identicgial properties in both countries.
WHCs for half of the studied substrates were alntostsame (HC_1, FORW, AMNC,
SIM_FW2), while for the rest seemed to slightlyfelif The as-received moisture
contents of the eight substrates ranged from 188 far the OFMSWC, to 83% (ww)
for the FAMN. Volatile solids (i.e. organic mattegnged from a low 23% (dw) for the
OFMSWC, to 96-98% (dw) for the simulated food wastdbstrates (SIM_FW1 and
SIM_FW2). C/N ratios, as measured through elemeamtalysis, ranged from 8.2 to 40,
for FAMN and HC_2, respectively. pH values rangezhf 5.1 (for SIM_FW2, which

had the higher organic matter content) to 9.5 f@ M (composted kitchen waste and
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wood ashes with a VS at 42% dw). Most of the sabstrhad a pH between 6 and 8,

while manures (FAMN and AMNC) were alkaline.

Insert Table 3

3.2. Oxygen uptake profiles in dynamic methods

Table 4 presents the dynamic respiration indicelsthe BMP results. The profiles
of the oxygen uptake rates of the eight substraespeasured by both laboratories, are
included in Figure 1. Note that the mean valuessamvn only in the case of the Greek
tests (for which there was replication),while theeoes bars in the graphs show the
standard errors. Apparently, a very good replicafmoefficient of variation was always

less than 5%) existed for the Greek dynamic regpirdests.

Insert Table 4 and Figure 1

According to Figure 1, there were quite similar Opifiles between the ITA and
GRE dynamic tests for substrates HC_1, HC_2, SIM1F®AMN and SIM_FW?2. The
largest deviation among the OURs recorded betwhkentwo labs was observed for
OFMSWC; this can be also confirmed by looking & tlorresponding dynamic indices
of Table 4. For this substrate, the Greek index wesxpectedly high, whilst the Italian
DRI4was close to values suggested in the past by y&@&3, had used similar materials
and similar equipment. This contradiction with rejgo OFMSWC is hard to explain
and could be attributed to an inherent variabibtyd unpredictability of biological

experiments, or to a heterogeneity of the samplelwivas derived from MSW. It
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might be also attributed to the fact that the terapee of OFMSWC in CosTeth
remained similar to that of the ambient air (aro@@d°C) throughout the run, whilst
artificial mesophilic temperatures35°C) were always maintained in the Greek method.

For FORW, a higher early peak was observed in treeksmethod, although a
rather stable and slightly fluctuating OUR was obed in the Italian method with a
peak at the end of the run. This periodic fluctugtOUR profile in the case of the
CosTecfl runs was also obvious for substrates HC 1, FORWMIN, AMNC,
SIM_FW2 and might be attributed to diurnal tempemt variations during the
experiment, since the air that was introduced ihi® reactor was at ambient room
temperature. A similar disagreement seemed to exisie case of FORW, in which the
GRE method resulted in higher OURs compared tdTtAemethod. In AMNC too, the
Greek method resulted in higher OURs compared & Ithlian method; yet, this
substrate was a rather stable one with some oflalvest OURs recorded in both
methods. According to Figure 1, the OUR profilestive Greek system were much
smoother than the CosTECBUR profiles, despite the fact that data recordimg less
infrequent in the former case.

In the CosTech system, only 2 substrates (SIM_FW1 and SIM_FW2thed
temperatures up to 45°C after 1.5 days which weea reduced and maintained to
between 30°C and 40°C till the end of the procé&sss agrees with the fact that
SIM_FW1 and SIM_FW2 had two of the highest respratactivities. On the other
hand, FAMN, which also had a high respiration agtivn Italy, never reached such
mesophilic temperatures. This was caused due talfamation of the automatic airflow
adjusting system after day 8. However, the Ralues were still calculated during the

first 7 days, in which the maximum biological adwvas anyway observed.
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3.3. Effect of temperature and air flow on respoatactivity

Figure 2 presents the temperatures of all 8 substraeasured only in the Italian
respiration method. The temperature in CosPedactors was measured via a probe
placed in the centre of the biomass. In the cagheofsreek method, experiments were
performed in a 35£Z temperature-controlled room, whilst the reactcasnot be
considered strictly adiabatic. Since no temperatueasurements were performed in the
case of the Greek reactors, no temperature peehown.

According to Figure 2, only SIM_FW1 and SIM_FW2c¢bkad temperatures up to
45 °C, yet none reached thermophilic temperatiBeth these substrates had two of the
highest respiration activities, as measured in ladly and Greece. Yet, FAMN, which
also had a high respiration activity as measurellally, had, surprisingly, one of the
lowest temperatures among all substrates, whidificult to explain. The internal
temperatures of all other substrates (i.e. excégt BW1 and SIM_FW2) remained at
ambient values between 20 to 25°C.

As shown in Figure 1, maximum deviations for OURfjes are observed for
OFMSWC and AMNC, which can also be confirmed thtoulgeir dynamic indices
(Table 4). This can be attributed to the fact thaltalian reactor, these two substrates
did not exceed 2&. Adversely, Greek dynamic reactors were alwaya femperature
range between 34 to 3T. The lack of high temperatures in the other Stabes might
be charged to the low respiration activity of thasdstrates (Table 4). Moreover,
difference in reactor scale is important since ighh affect the temperature profile of

the material.
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Insert Figure 2

When designing solid waste treatment plants, ials necessary to know the
amount of air required to maintain optimum condidor the degradation of organic
substrates. For this reason, Figure 3 was drawardler to study the effect of the
cumulative (total) air flow that passed through @msTecf system after 7 days, on the
respiration activity. In Figure 3, only data frohetltalian reactor are shown, since the
flowrate in that system was continuously adjustecbughout the process. On the
contrary, in the Greek dynamic method, a constaki thte was applied to all reactors

throughout the experiments.

Insert Figure 3

According to Figure 3, it appears that as the tdiav of air increases, the
respiration activity increases too; yet it seena t constant DRJ value tends to be
reached at high cumulative flows. This trend wasoahown by [37] and can be
explained by the fact that beyond a certain cunudageration threshold value, the
respiration activity is maximized and stabilizeslam more excess air is necessary.
Moreover, an excessive aeration could decreaseomatractivity due to the reduction

of the temperature of the biomass at sub-optinvali$e
3.4. Static and dynamic respiration indices

Table 5 includes the static respiration indices #mel ratios of the dynamic

respiration (measured in the Greek lab) over thgcstespiration indices. As shown in
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Table 5, the dynamic respiration indices were imegal much higher than the
corresponding static indices (both in terms of &ate total oxygen consumption). No
consistency was also observed between the dynamlichee static test indices in the
recent work of Aspray et al. [20]. After categongi the 8 substrates in fresh
(SIM_FW1, SIM_FW2, FAMN) and stabilized compostsQHL, HC 2, OFMSWC,
FORW, AMNC), it was observed that the ratio of RBRbs(measured in Greece) for
the fresh substrates ranged from 3.3 to 11.4 ass@gpto the stable substrates for which
that ratio ranged from only 0.9 to 3.3. Similatlye ratio of DCRVSCRYF ranged from
18 to 40, for the fresh substrates and from 123{dor the stable substrates. The above
indicates that the static methods underestimateabhokygen consumption, as had been
also suggested by [4]. This variability in the oatiof DRI to SRI contradicts the
findings of [4], who showed that the dynamic reapon rate indices (DRJ) of
severalmunicipal solid waste derived organic salbessr (fresh, composted and stable)
were, on average, 2 times higher than the correbpgnstatic respiration indices
(SRLy). It is noted, however, that [4] had measured exygonsumption in their static
methods with an oxygen probe at 20 °C. Comparisitim dynamic and static test were
also conducted in the work of Godley et al. [28hoshad also reported that dynamic
respiration rates were at least double than thie staes. Similar results had been found
by Adani et al. [6] in which all dynamic respiratioates were far higher compared to

the static ones, based on a sample size of 18icrgabstrates.

Insert Table 5

3.5. Correlations
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Potential correlations among the initial physicaulel properties measured (OM
content, pH, total carbon and total nitrogen) amel main biodegradation indices were
calculated. The only positive correlation existetween total nitrogen content and the
DRI,4 and CH production after 30 d (in both cases Spearmpn&8), as these were
measured by the Italian lab. With regard to theolsierindex, this correlation can be
explained by the nitrification processes that comswxygen. On the other hand, neither
total carbon nor organic matter contents correlaigdificantly with any of the main
biodegradability indices, as also revealed in Fegdr According to Figure 4, a clear
outlier exists (OFMSWC), whilst it is observed thhe substrates with VS contents
above 85% (db) achieved a very wide range of raspir activities. As opposed to
OFMSWC, FORW had a rather high VS content (arou@% &w) which would be
expected to result to a relatively high respiratamtivity. However, this was not true,
and the dynamic respiration indices (from both )Jabere relatively low for that
substrate (i.e. <500 mg,®g’ VS h'). This can be attributed to the likely low content
of readily biodegradable substrate present in #sds. Their high volatile solids
content is most probably attributable to the hightent of lignin, which is recalcitrant
to fast biodegradation in aerobic conditions. Friha above it appears that no clear
relationship exists between the VS content of tlaenmals and the respiration activity.
Similar observations have been found out by Barmenal. [8], in which the organic
matter content did not correlate sufficiently wathy of the dynamic or static respiration
indices. On the contrary, Aspray et al. [20] foutlcht the VS content correlated
positively with two different dynamic methods, whiho correlation was evident with
the static test indices. Positive correlation bemverganic matter content and both O

and CQ static indices have been reported in [23] and .[J)parently, specific
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constituents of the organic matter, such as suggateot (i.e. cellulose, hemicelluloses,
lignin, starch), as well as the level of microbialoculation, determine the

biodegradation extents (and thus the respiratitimigg regardless of total VS content.

Insert Figure 4

Figure 5 graphically depicts the most important reations among the
biodegradation indices measured in this work. Tdblecludes all Spearman's rank
order correlation coefficients among the studietides (only the statistically significant
values at p<0.05 are shown). Note that the Speanoetfiicients calculate any type of

correlation and not necessarily a linear one (dbarcase of the Pearson coefficients).

Include Figure 5 and Table 6.

According to Table 6, the DRJindices from both labs correlated between them
adequately @=0.74) with a marginally statistically significaebrrelation at p<0.05.
According to Figure 5a, OFMSWC appears to be aremé value. Similarly to DRJ,
the cumulative oxygen consumptions (DGRDCRY,) also correlated significantly in
both labs (coefficients ranged from 0.83 to 0.9%@rifying the visible positive
correlation trend illustrated in Figure 5b. Accarglito Table 6, the cumulative dynamic
respiration indices (DCRI DCRY,) also correlated well with the corresponding BRI
in both labs. This was also shown in [24] and pecadly indicates that the higher the
maximum Q consumption rate, the higher the total oxygen eonion too.

Table 6 also reveals a very strong correlation betwthe methane generation
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after 30 days and the dynamic respiration indideloth labs. This is also evident in
Figures 5c, 5d that both illustrate that positiverelation between both Greek and
Italian dynamic respiration indices (DRI and the 30-d methane yield. This is an
important finding, because it indicates that thgrddation potential of an organic
substrate could be similar under both aerobic arat@bic environments, as has been
shown by other researchers too [8, 15, 38]. Howdher values of the dynamic
respiration indices measured, respectively, inlthlean laboratory, for OFMSWC, and
in the Greek laboratory, for SIMFW_2, worsened gigantly this correlation.

According to Figures 5e and 5f, the correlation aghthe static and dynamic
respiration indices (DRJ and SRi4) was poor as was discussed in section 3.4 too.

The correlation between the total €@eneration and the total oxygen
consumption under dynamic conditions measured & @Greek lab was strong
(correlation coefficients above 0.98), as showiiable 6. This indicates that the moles
of generated COwere steadily proportional to the moles of Gnsumed for all
substrates. This was also noticed for the peals IGt€Q generation (D-CQ 24) and
the peak rates of {onsumption (DRJ) indicating that C@generation rate and OUR
followed a parallel profile (in the dynamic tests Greece). Moreover, respiratory
guotients (RQ: moles of CQyenerated over the moles of Gbnsumed) calculated for
the dynamic experiments conducted in Greece, rabgetdeen 0.7 and 1.0 (Table 4),
which are reasonable values and comparable to [24].

Statistically significant correlation was also obhsel between the static GO
generation and the static, @onsumption values obtained in the Greek k0(91).
Therefore, CQ generation could be also used as a biodegradatitimity index,

although a caution is required, since static irgliaee affected by temperature and,CO
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evolution is pH-dependent due to its solubilityaiqueous solutions [12]. In the case of
static method RQs ranged from 1.3 to 2.3, with\arage value of 1.7 (Table 5). High
RQ values -using the same static method- had deerreported by Komilis et al. [10]
indicating variations in the oxidation stage anel degradability of the carbon contained

in each substrate.

3.6. Use of biodegradation activity indices for qgiance purposes

According to the findings of this research, the wfeboth aerobic dynamic
respiration and anaerobic methods is an importaittd evaluate the biological activity
of fresh and composted biodegradable wastes/resitdigh regard to fresh substrates,
this is important knowledge for the selection af tippropriate treatment technologies.
For practical purposes, and by accounting for thedgcorrelation of the aerobic and
anaerobic indices, the use of the former indiceslavdbe preferred (shorter duration
than the anaerobic ones, no need of seed). Moretheercontemporary use of aerobic
and anaerobic methods allows a cross check anddétection of errors or of
measurement problems (e.g. inhibition) that argueat with this type of complicated
biological measurements. This is very important i@ practical reasons, as in the
Di.Pro.Ve-CosTech system, replicates are difficult to perform. THere, the
biological stability index presented in this papand especially the DRJ and BMP,
could be adopted for process control at the le¥simgle plant. In this case, when the
indices are used only for internal purposes, ththatkand equipment to be adopted for
the measurements could be chosen based on theofctis¢ equipment and on the
knowledge of the plant’s technical personnel.

However, the use of stability indices for compliarnmrposes (e.g. evaluation of
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compost quality, acceptance of waste in landfil) more complicated. In fact,
compliance threshold values must be referred tgexic method as in norms in
Germany and ltaly [26-27] and should be set comsigehe uncertainty connected to
this type of measurements that is higher whencafads are not provided. In this case,
also, the adoption of a double compliance (botlagoobic and anaerobic threshold
values) could help to ensure the reliability of tbealuation and the detection of
errors/measurement problems as done in GermanyAasttia. However, practical
problems linked to the long duration of the testd€ast 7 days for DRI and 30 days for
BMP) should be solved prior to a generalized adoptif compliance tests based on
biological activity methods.

A reasonable possibility would be to measure thbikty indices (both dynamic
aerobic and anaerobic) with a frequency relateitheécamount of biomass treated in the
plant; the evaluation of the compliance should therdone on a statistical basis (e.g.
95% of the samples analysed yearly should compti tie threshold values). If the
frequency of samples with respiration indices ahibveethreshold imposed by the norms
exceeds a pre-set value, some form of penalty dhmiprovided.

In the case of using indices for compliance purppsee adoption of standard and
unified methods among countries, at least at a faao Level, would be greatly

beneficial.

4. CONCLUSIONS
Results of the work indicate that although an agesd existed among the
different methods for some of the substrates, diffees did exist for others so that

there is no unique ideal method to propose. Intexdithe OUR profile was much
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smoother in the case of the Greek dynamic reactmpared to the CosTetlsystem,
despite the smaller recording interval in the farmsase. A statistically significant
correlation was calculated between the dynamicinasmn indices in both labs, with
regard to both rates and cumulative values. Howevaveak agreement was observed
for one of the substrates. A strong correlation woasd between the methane vyield
after 30 days and the 24-h based dynamic respirasite and the cumulative dynamic
respiration indices, at 4 and 7 days. The ratithefdynamic to static respiration rates
ranged from 1 to 11 and was higher in fresh mdtecampared to the more stable ones.
The dynamic respiratory quotients were very clasé.0, whilst the static ones had an
average of 1.7. Finally, it appears that the vigatolids content should not be used as a

predictor of biodegradation activity.
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TABLES

Table 1. Characteristics of the organic substrates

Substrate Type Source materials Composting period Curing or
storagetime
_ Apples, cooked meat, boiled pasta, bread
SIM_FW1 Raw food waste (simulated) _ - 1 week
(25% each, in wb)
Uncooked pasta, uncooked fries, beef based
SIM_FW?2 Raw food waste (simulated) dog food (50%, 30%, 20%, in wb - 1 week
respectively)
FAMN Fresh animal manure Cow manure and straw - eékw
HC 1 Home compost Mix of kitchen and garden wasteash 6months 6months
HC 2 Home compost Mix of kitchen waste and woogshi 3 weeks forced aeration 2 weeks
FORW Forest waste Leaves and small branches froestfioor - -
Animal manure derived 1 week after solid-
AMNC Cow manure and straw n/a o
compost liquid separator
Compost from the organic _ _ o _ Aeration for 28 days in
OFMSWC _ Organic fraction of municipal solid wastes n/a
fraction of MSW a MBT plant

n/a: no available info
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Table 2.Parameters and biodegradation activityceglmeasured in both laboratories

Greek lab

[talian lab

(DUTH) (UNIRC) References
Moisture v v
Volatile solids v v USDA and USCC((129())S§)82));APHA and AWWA
pH v v
WHC 4 4 TS 11184, UNI (2006)
Total carbon and nitrogen 4 x Usgfmzﬁ?sdetfiﬁgo(lzg)oz);
Dynamic method
O, consumption rate at 24 hr (DR v v Scaglia et al. (2000); Adani et al. (2001); TS
Cumulative @ consumption after 4 d (DCRI v v 11184, UNI (2006); Ponsa et al. (2010b)
Cumulative Q consumption after 7 d (DCRI v 4
CO, generation rate at 24 hr (D-GQ4) v x
Cumulative CQ generation after 7 d (D-CGO7) v x Komilis and Kanellos (2012)
Respiratory Quotient (RQ) 4 x
Biologic Methane Potential
CH, generation after 30 d (BMp) x v Schievano et al. (2008); Calabro et al. (2015)
Static method
O, consumption rate at 12 hr (SRI v x
O, consumption rate at 24 hr (Sl v x
Cumulative Q consumption after 4 d (SCRI v x .
. . Komilis et al. (2011)
Cumulative Q consumption after 7 d (SCRI v x
Cumulative CQ generation after 7 d (S-GD 4 x
Respiratory Quotient (RQ) 4 x
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Table 3. Initial properties of the substrates Lisetie experiments

Moisture Volatile Solids pH WHC CI/N
0, [0)

Substrate GRE vene) ITA GRE oo ITA GRE ITA g:éO/WeltTkg) GRE

(n=3) (n=1) (n=5) (n=4) (n=2) (n=1) (n=1) (n=1) (n=6)
SIM_FW1  6196+1.0% 60% 96%+0.3%  97%+0.0%  5.4+0.0 5.0 729 938 13.8+0.6
SIM_FWZ " 40%+2.09%6  39%+1.1%" 98%+0.09%5  95%+0.8%  5.1+0.0 5.5 561 565 19.6+0.4
FAMN 79%:+0.1% 83% 93%+0.3%  92%+0.1%  8.3+0.1 7.5 969 1200 8.2+0.1
HC_1 669%+0.4% 68% 42%+0.3%  41%=+1.3% 8.8 9.5 798 809 24.6+1.6
HC_2 62%:+0.8% 59% 93%+0.19%  94%+0.296  7.2+0.1 82 1241 1000 39.5+2.1
FORW  74%+0.2% 71% 81%+0.4%  82%+2.29%  6.2+0.1 6.9 841 861 33.9+1.3
AMNC  20%+0.5%  41%+0.7%" 32%+0.2%  32%+0.8%  8.1+0.0 8.4 814 831 12.1+0.1
OFMSWC  2204+1.4% 18% 23%+2.0%  26%+1.296  7.7+0.1 8.1 633 456 21.9+2.1

" all values are averages * standard erfoms=2;": n=4; ww: wet weight basis; dw: dry weight basC: water holding capacity.
Means, per parameter and substrate in the samethiatvdo not share a letter, are significantlyetiéht based on Tukey’s test (at
p<0.05); (for example, the VS contents of HC _1stadistically similar between the 2 labs, but statally different for HC 2).
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Table 4.Results of the dynamic respiration and B&RS

DRI 24 DCRI, DCRI~ D-CO,_24 D-CO,_7 RQ BM Pg
Substrate  (mgO.kg'Vvsh®) (gO.kg*V9) (g O.kgVs) (mgCkg'vsh?) (gCkg'Vvs) (NL CH4kg'Vs)
GRE ITA' GRE ITA' GRE ITA! GRE GRE GRE ITA
SIM_FW1 272P+111 3522 10%9.6 225.¢ 297+18.1 446.0 101851 105+12.2  1.C%+0.0 467
SIM_FWZ 292f+26 1902 188:0.0 147.. 327+11.2 247.4 106816 106+4.0 1.0°+0.0 246
FAMN  2327+40 2369 19%6.7 143.¢ 345489 174.1 158529 218+6.2  1.8°+0.0 352+6.5
HC_1  255+43 250 20338 16.8 37.&6.2 32.9 7315 10.8+1.4 0.€+0.1 55+8.F
HC_2  125d+6 949 99.7+0.3 71.4 15809 98.3 356+1 44.£+0.1 0.7%0.0 168
FORW 47448 245 35803 202 57306 337 15827 17.6+3.1  09°+0.2 167+11.4
AMNC  o6’+71 148 45%17 85 883136 176 18%:27 20.9+1.5 0.7°+0.0 163+26.2
OFMSWC 2385+25 371 18323 304 28%5.1 48.1 682+13 82.9+1.8 0.6%+0.0 291+6.6

" all values are averages * standard errors:1;“: n=2,°:n=3; DRbs: 24-h based dynamic respiration index; D€Rynamic cumulative

respiration index at 4 days; DCRtHynamic cumulative respiration index at 7 daysCO, 24: 24-h based dynamic G@roduction rate;

D-CO,_7: dynamic C@cumulative generation at 7 days; £H0: methane generation after 30 days based dBMtretests. GRE: Greece,
ITA: Italy.
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Table 5. Results of the static respiration indi@es respiration ratios for the Greek lab

Substrate’ O;Q’S.%“VSh-l) “ Oszig'l“vs) “ Oszig'ﬂvs) . CC;;.?@S) RQ  DRIn/SRI% DCRI;/SCRI;
SIM_FW1 330+12 10.620.3 11.8+0.4 10.3+0.7 2.3+0.1 8.2 24.7
SIM_FW2 256+13 7.3+0.4 8.2+0.4 5.6+0.2 1.8+0.0 11.4 39.9
FAMN 705+32 18.2+0.9 19.3+0.9 11.3+0.3 1.620.1 3.3 17.9
HC_1 273+12 20.6+1.1 31.3+1.0 15.5+0.7  1.3+0.0 0.9 1.2
HC_2 434+19 11.1+0.4 11.7+0.4 6.1+0.1 1.4+0.1 2.9 13.3
FORW 400429 20.5+1.0 22.60.9 10.9+0.2 1.3+0.0 1.2 2.5
AMNC 20817 13.8+2.0 19.4+0.8 11.5+1.0 1.6+0.1 3.3 4.5
OFMSWC 759469 23.80.8 25.5+0.9 20.8+0.1 2.2+0.1 3.1 11.0

" all values are averages * standard errons:4 for substrates HC 1, OFMSWC, AMNC;: n=5 fobsinates HC 2, SIM_FW?2; n=6 for
substrates SIM_FW1, FORW, FAMN; SRI24-h based static respiration index; S£Riatic cumulative respiration index at 4 days;
SCRYV;: static cumulative respiration index at 7 daysCO;: static cumulative C@generation at 7 days;
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Table 6. Spearman rank-order correlation coeffisi@mong various indices

Vs DRI ,, DCRI, DCRI; D-CO,24 D-CO, 7 SRl SRl,,  SCRI, SCRI; SCO, 7 DRI, DCRI, DCRI;
[G] [G] [G] [G] [G] [G] [G] [G] [G] [G] [1 [1 [1

DR|24[G] n/s

DCRI /¢ n/s 0.83

DCRI© n/s 0.86 0.98

D-CO, 24® /s 0.86 0.98 1.00

D-CO, 7 n/s 0.86 0.98 1.00 1.00

SRI 1,'° nls n/s 0.76 0.71 0.71 0.71

SR ,® nls n/s n/s nls n/s n/s 0.86

SCRI/® -0.83 n/s n/s n/s n/s n/s n/s n/s

SCRI/®! -0.81 n/s n/s n/s n/s n/s n/s n/s 0.93

S-C0, 7 -0.88 n/s n/s n/s n/s n/s n/s n/s 0.88 0.91

DRI,"! 0.76 0.74 0.71 0.81 0.81 0.81 n/s n/s n/s n/s n/s

DCRI " 0.83 0.83 0.71 0.81 0.81 0.81 n/s n/s n/s -0.71 n/s0.95

DCRI " 0.83 0.83 0.71 0.81 0.81 0.81 0.62 n/s n/s -0.71 s n/ 0.95 1.00

CH,4_30" nls 0.83 0.83 0.88 0.88 0.88 0.74 n/s n/s n/s n/s .83 0 0.81 0.81

All Spearman’s rank-order correlation coefficiest®wn are significant at p<0.05; n/s: non-significa
[]: Greek method”: Italian method.
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Figure captions

Figure 1.0xygen uptake rates (OUR) for the studied sulestratsing the dynamic

respiration activity methods in Greece (GRE) aaty/[{ITA).

Figure 2. Temperature profiles of the studied substratesthe CosTech dynamic

reactors (Italian method).

Figure 3. Effect of cumulative air flow on respiration actiyi in the CosTech

dynamic reactors (Italian method).

Figure 4.Correlation plots between the initial volatile idsl content of the substrates

and: (a) DRY,, (b) DCRF measured in the Greek (GRE) and the Italian (IlBA}.

Figure 5. Correlation plots between Greek (GRE) and Itafidi\) indices; (a) and (b):

dynamic indices;(c) and (d): BMP and dynamic indjcé), (f): static and dynamic

indices.
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