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Abstract

In this study, we have evaluated different straedor the optimization of the
aeration during the active thermophilic stage efé¢bmposting process of source-
selected organic fraction of municipal solid wastebiowaste) using reactors at bench
scale (50 L). These strategies include: typicalicyaeration, oxygen feedback
controller and a new self-developed controller das® the on-line maximization of the
oxygen uptake rate (OUR) during the process. Rebighlight differences found in the
emission of most representative greenhouse gas¢S)&mitted from composting
(methane and nitrous oxide) as well as in gasasaiyp related to composting odor
problems (ammonia as typical example). Specificalig cyclic controller presents
emissions that can double that of OUR controlldrergas oxygen feedback controller
shows a better performance with respect to theagohtroller. A new parameter, the
respiration index efficiency, is presented to quatively evaluate the GHG emissions
and, in consequence, the main negative environtiempact of the composting
process. Other aspects such as the stability afdhgost produced and the

consumption of resources are also evaluated fdr eaatroller.

Keywords. Composting; Aeration control; Oxygen uptake ra@&reenhouse gases

emissions; Respiration efficiency.
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1. Introduction

Aeration is a fundamental factor to ensure thel@erconditions during the
composting process. It aims to maintain an optionalbgical activity and also it is a
critical parameter on the gaseous emissions aof NbD, CH, and Volatile Organic
Compounds (VOCs) (Haug, 1993; Smet et al., 1999¢réfore, the aeration is a key
parameter in the study of environmental impactgaiescommonly used in waste
management Life Cycle Assessment such as GlobahWgrPotential (GWP), which
refers to warming potential of different gasestezlao carbon dioxide. The main
related substances emitted during composting celatéhe study of GWP are NH
N2O and CH. It is necessary to minimize these emissions atept the environment
and the human health (European Directive 2008/1/CE)

Today, there are different strategies that useefbeeration for the high-rate
production of compost from several organic wadtegeneral, industrial facilities
usually provide air to the organic matrix from peéded time cycles. Another typical
system is the oxygen feedback controller that plewvia preset airflow as a function of
the oxygen content of exhaust gases. In other cdmeairflow is supplied as a function
of the mass temperature, although this techniges dot guarantee the prevalence of
aerobic conditions. Some recent studies have pegpother strategies based on
complex models of the process (Papadimitriou eRall0; Giusti et al., 2010). These
can be defined as promising strategies but theemehtation of these systems can be
difficult and costly at industrial scale. A recetidy proposed a new controller based
on the oxygen uptake rate (OUR) evolution (Puyetlal., 2010). This OUR controller

avoids the current limitations of the typical sysgesuch as airflow fluctuation, the
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definition of optimal oxygen and/or temperatureseints or even the definition of
suitable airflow levels.

Also, the aeration strategy used influences gasemussions generated during
composting. Osada et al. (2000) demonstrated thegheairflow decreased the Gldnd
N2O emissions due to the minimization of anaerobitesadn their studies on slurry
composting. This phenomenon was also observed kyrkoto et al. (2003), although
they observed and increase in thesNdrissions, in agreement with other authors (de
Guardia et al., 2008; Kim and Deshusses, 2008; 8hah, 2011). Suitable oxygen
content in composting mass would limit the formatad anaerobic zones avoiding the
generation of intermediate products of the anaerot@tabolism (Scaglia et al., 2011).
Other studies have concluded that, when compaongrwous and intermittent
aeration, the former reduces the greenhouse gas#S)(emissions associated to the
composting process (Keener et al., 2001).

Accordingly, the main objective of this work isdetermine and compare the
cumulative emissions of N;IN,O and CH obtained with different forced aeration
strategies, which are an oxygen feedback contralelic aeration (not closed-loop)
and a new novel controller developed in a previwask (OUR controller, Puyuelo et
al., 2010). All emissions values are expressedaeof waste treated. Nevertheless, a
more specific unit is included (known as RIE: Resfpon Index Efficiency), in which
the process efficiency is also considered (Coldal.eR012) to take into consideration
the stabilization degree achieved in the procdssallly, the GWP associated to each
controller together with the energy requiremenésaso determined. These results are

expressed as kg G@qg Mg* (of waste treated) and RIE units.
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2. Materials and methods

2.1. Composting material

The waste used in all experiments was source-sele®rganic Fraction of
Municipal Solid Waste (OFMSW) mixed with pruning sta as a bulking agent
(volumetric ratio 1 to 1) collected in a compostjpignt located in Manresa (Barcelona,
Spain).

A total amount of 200 kg was collected to carry the three experiments and
replications with the same material. After colleatia homogeneous sample was used
for waste characterization and all the remainingtevavas frozen at -18 °C. Before
starting-up each composting experiment, the mateaa removed from the freezer and
thawed in the laboratory at room temperature foh2Mo more than three months were
necessary to undertake the experiments so it wasidered that freezing did not

perturb the biological activity of the waste (Pognet al., 2011).

2.2. Composting reactors

The complete description and the scheme of the ostimg reactors can be
found at Puyuelo et al. (2010). They were adiabatiindrical reactors with an
operating volume of 50 L. Approximately 25 kg oktiwaste selected were treated in
each experiment. Two geometrically identical reectoere used in parallel. The reactor
walls were thermally isolated with polyurethanenfoa order to avoid heat losses. A
perforated plate was fitted into the bottom of teactor to support the material, to help
leachate removal and to optimize the airflow ciati@in. Two orifices were situated at
the bottom cover of the reactor, one to introducdram a compressor and other for

leachate removal. Two more orifices were situatetha top cover. One hole was to
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insert the Pt-100 sensor for temperature monito(idgsin Instruments, Barcelona,
Spain), which was placed at middle height of theemia matrix. The other orifice was

used to remove the exhaust gases in order to an#lgzoxygen concentration. Before
the oxygen sensor (Xgard, Crown, UK) a water trapdfrigeration was placed to avoid
wet gases passing through the gas analyzer.

The data acquisition and control system was contpbgean acquisition chassis
(cDAQ-9172, National Instruments, USA) connectecat®C and using LabView 8.6
software (National Instruments, USA). Temperatureutgoing oxygen gas
concentration, and inlet airflow were the parangetaonitored during the experimental
trials. Temperature probe and oxygen sensor wenaeemted to the data acquisition
chassis. Instead, the input and output electricglass of the flow meter were directly
connected to the PC through an RS-232 serial pdirtthe data were recorded and
shown in a graph or in the program interface frohich different control systems could

be programmed.

2.3. Airflow strategies and control

Three different strategies to regulate the inletflaav were studied and
compared. Two different closed-loop controllers anthird system based on a cycled
on-off aeration configuration were tested. The Iswagrflow applied to the reactor was
never below 0.2 L mih (2-10° L min™ kg! DM, Dry Matter) to overcome an excessive
pressure drop of the reactor and to obtain a cohgfas flow for oxygen monitoring
purposes. The highest flow depended on each sy@&tetails below). All experiments

were running for 20 d until the OUR was always belb g @ g* OM h* (Organic
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Matter) and therefore, it was assumed that mostetasily biodegradable material had

been degraded.

2.3.1. Oxygen feedback control

This controller was based on the airflow manipolatby means of the oxygen
content measured in the exhaust gas. Oxygen gset \pas fixed at 12+0.5% (Ruggieri
et al., 2008). Simulating the controllers usedhdustrial facilities, the system applied a
high flow for oxygen levels below 11.5% and a Idewf for levels over 12.5%, whereas
the controller would maintain former airflow whemetmeasure was between 11.5 and
12.5%. The predetermined flows were 3 and 0.2 L'ni@5-10" and 2- 1 L min™ kg
1 DM). The airflow-equivalent has been calculatedttss average air forced into the
system for a period of 6 h, to better illustrate ttontroller performance in terms of

graphical representation.

2.3.2. Cyclic airflow

This is the most extended system in forced-aeredeaposting facilities. In this
case, inlet airflow was regulated automaticallygsgdetermined timed cycles. On the
basis of the study presented by Ruggieri et al0O§20the airflow regulation was
provided in cycles of 5 min at 5 L mtr{(0.4 L miri* kg* DM) and 25 min at 0.2 L mih

(1.6-10° L min™* kg'* DM). This is equivalent to 1 L mih

2.3.3. OUR controller
This new control strategy has been developed, prahd validated by Puyuelo

et al. (2010), given a detailed explanation ondligerithm developed. Briefly, the main
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objective was to build an automatic airflow regidatthat optimizes the biological
activity, that is, that provides the maximum OURrgj the process. In consequence,
and taking into account the straight relation betvairflow and OUR, it was defined
that the system should be designed to apply tflewithat permitted the maximum
possible OUR in each moment. In summary, this g@al achieved through a control
system working in cycles. The system takes an maetozording to the comparison

among OUR and flow determined in consecutive previcycles.

2.3.4. Replications
Three replications were carried out for the OURtadler. Two replications

were conducted for the oxygen feedback and cydintroller, respectively. In this case,
there is a large number of data available in liteeregarding GHG emissions from
composting using these typical controllers (Helgt2®01; Pagans et al., 2006; Shen et
al., 2011; Coldn et al.; 2012). Figures are presgmris an example of each controller
due to space limitations. All the information regdjag replications of each experiment
conducted in this study is presented in the Supph¢any Information section (Fig. S1-
S4). Average and standard deviation values of spmeess parameters and GHG

emissions are presented in Tables 2 and 3.

2.4. Parameters evaluated

To evaluate quantitatively each control systenfediint biological, economical
and environmental variables were determined tleatlascribed below. Additionally,
the initial and final material stability degree wasluated by determining the

corresponding dynamic respiration index (DRI) adoay to the methodology described
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by Ponsa et al. (2010). This measure was underfaena representative sample after

mixing vigorously the initial sample collected ath@ final material obtained.

2.4.1. OUR

The experimental OUR was determined from on-lin@ieical data on airflow
and oxygen using Eqg. 1, which is deduced from thesmalance in a pseudo steady-
state conditions:

OUR = F (0209- yoz(LM))%) (1)

where: OUR (g @h™); F, airflow in the reactor (L mif); yoaw), is the logarithmic
mean between the oxygen molar fraction in the esthgases and the inlet air (moj O
mol™), since the Residence Time Residence assays deatedsa similar pattern to
plug flow (Puyuelo el al., 2010); P, pressure @ $ystem assumed constant at 101.3
kPa; 32, oxygen molecular weight (g @ol* O,); 60, conversion factor from minute to
hour; R, ideal gas constant (8.31 kPa L idol™); T, temperature at which F is

measured (K).

2.4.2. Stability degree
DRI was measured in a respirometer built and stathy Ponsa et al. (2010) on
the basis of the methodology proposed by Adani. €2@06) to assess the biological

stability degree of an organic sample. It is expedsn mg @g* OM h™.

2.4.3. Energy consumption
The total energy consumption (E) for each experimes estimated from the

total air supplied. It was determined in kJ appdyinconversion factor (396 kJ¥nto



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

transform the total rhof air supplied into the total energy consumedHeyair
compressor (manufacturer’s data). In addition, plaisameter has also been calculated
as a function of the process efficiency using a newproposed by Colon et al. (2012).
They suggested determining the process resourcssicption taking into account the
yield of the process calculated as DRI reductioprtivide a fair comparison in terms of
stabilization of organic matter. This new unit ilERnd in this case is applied to the
energy consumption (RIEec). This measure is caledlas follows (Eq. 3):

E
- DRI

RIE

=T ©

initial final
where: RIEec is the energy consumption associatétetRIE (kJ (mg ©g* OM h)
Y: E is the total energy consumption along the erpental time (kJ) and (DRkia-

DRlsna)) is the DRI reduction obtained during the experit{eng Q@ g* OM h).

2.4.4. Determination of gaseous emissions
The gaseous emissions considered werg GO and NH. These measures

were undertaken off line once a day.

CH,4 and NO quantification: Chromatographic Methods

CH4 and NO analysis were undertaken by means of gas chrgmagtoy
(Agilent Technologies 6890N Network GC system, Medspain). Gaseous samples
were directly collected in a 1 L Tedlar bag. £4hd NO were analyzed as stated by
Colodn et al. (2012). Briefly, methane was analyagdjas chromatography using a
Flame lonization Detector (FID) and a HP-Plot Quooh (30 m, 0.53 mm, 40 um) with
a detection limit of 1 ppm. The gas chromatograpbgration conditions were as

follows: oven temperature isothermal at 60 °C,atgetemperature 240 °C, FID

10
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temperature 250 °C; carrier gasd 27.6 kPa pressure. The injected volume was 500
puL and the analysis time was 4 min. Nitrous oxi@s\&nalyzed by gas chromatography
using an Electron Capture Detector (ECD) and a WP column (30 m, 0.53 mm, 40
pnm) with a detection limit of 50 ppbThe gas chromatography operation conditions
were as follows: oven temperature isothermal &@0njector temperature 120 °C,

ECD temperature 345 °C; carrier gasdil27.6 kPa pressure. The injected volume was

500 pL and the analysis time was 4 min.

NH; quantification

Ammonia concentration was measured in-situ witl@monia sensor (ITX
T82), with a measurement range of 0 to 1200 pgme sensor was placedina 1.5 L
chamber with gas flowing from the reactor. The @mation measure was considered
valid after reaching a stabilized value during equkof constant flow (approximately 5

min).

2.4.5. Global emissions
From each concentration of gas and knowing théairdssociated to the
measuring time, the emission rate of each compomastevaluated as follows:

E = CXi MW, F (4)
RT

where: K is the emission rate expressed as thipsthe pollutant considered (being x
CHa, N2O or NH); Ci is the concentration of each pollutant determizealytically
(ppm); P is the pressure in atm; MVis the pollutant molecular weight (g ritpland F

is the gas flow (ms?).

11
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To transform the emissions rates in units of totaks of a contaminant produced per
weight of waste treated the Eq. 5 was used:

[E.(at
E =0 - "
T M

()
where: k is the total mass of contaminant emitted per rafise waste treated (kg
Mg™); Ex(t) is the emission rate determined in a time tgKyg dt is the time interval
considered and M is the total mass of the wastteade(MgQ).

Similarly as it was calculated for the energy caonption, the global emissions
were also determined through the unit that consittes efficiency in the stabilization

process (RIE). In this case, it was calculated iting to the Eg. 6.

E;
- DRI

RIE, = (6)

DRI

initial final
where: RIE is associated to the global emissions of eaclugawit and it is calculated as
kg of gas emitted per Mg of OFMSW treated)(Bnd per mg @g* OM h* reduced

during the process (DRilia-DRkinai).

2.4.6. GWP

The environmental impacts associated at each dtamntveere determined
according to the CML 2001 methodology, which wasgaligped by the Centre of
Environmental Science of Leiden University (Guin2@01). In this study, only the
GWP category was considered to perform an oveoafiparison of the GHG emissions
associated to the airflow control strategy. Theamefthe global emissions of Gldnd
N,O were transformed to kg G@q (25 and 296 kg G@eq kg* contaminant,

respectively) and the total mass was added tortbegg consumption expressed as kg

12
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CO-eq (1.068 kg C@eq kWHh"). CO, from biogenic sources was not considered in the

GWP analysis (IPCC, 2006).

2.5. Analytical methods

DM, OM and total organic carbon (TOC) were detemdiaccording to the
standard procedures (U.S. Department of Agriculaun@ U.S. Composting Council,
2001).

Air Filled Porosity (AFP) in the reactor was measiliusing a self made constant
volume air pycnometer connected to the reactorrdoog to Ruggieri et al. (2009).

AFP is expressed as the volumetric ratio of pdkedfiwith air to total sample volume.

3. Resultsand discussion
3.1. Chemical properties of theinitial and final waste

The main chemical characterization of the initi®lNIBW collected and the
different final products obtained by means of eaictiow strategy is shown in the
Table 1. In general, the contents of DM, OM and TW&ze considerably lower at the
end of the experiments, indicating a correct penéoice of the composting process.
Instead, the nitrogen concentration increased.oilgih part of the nitrogen content is
lost as gaseous emissions or, to a minor exteteaabate (which were negligible in
these experiments), during the aerobic metabolsnotganic carbon consumption is
among 20 to 30 times higher than the nitrogen lgoatation (Puyuelo et al., 2011).
The physical structure of the waste and bulkinghagetial mixture resulted in 59% of
AFP. This value was within the optimum range (306J@efined by Ruggieri et al.

(2009) for different organic wastes.
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3.2. Experimental evolution

Figure 1 shows the evolution of oxygen, temperatairfow supplied and OUR
for each control strategy studied. Temperatures 50€C were held for approximately
10 d in all experiments. The starting temperatuas {@wer in the experiment using the
oxygen controller (Fig. 1a) and this provoked ava&ostart-up. However once
temperature reached 25 °C the process performaaesimilar to the other
experiments.

Cyclic aeration strategy follows a constant aeragiattern along the process that
provoked low oxygen content in exhaust gases iitpe-rate decomposition phase,
around 5% in the period day 2 — day 6. Contrar lmatygen and OUR controllers
successfully maintained oxygen levels over 10%albe process. Figure 1la shows the
airflow-equivalent to illustrate the varying frequey of high-low flow alternation along
the process for oxygen feedback controller. In ganéhe airflow evolution was the
main difference observed among the controllersiifdlparameters studied evolved
smoothly in the experiment using the OUR control@n the contrary, the other
controllers caused continuous fluctuations hampeiie biomass acclimatization and,
in consequence, the process performance.

The main process parameters were considered finefutomparison of the
controllers: energy consumption, OR and final DRFesults (Table 2). The initial
DRI of the waste collected was 5.4 + 0.1 mggd® OM h™. Cyclic aeration strategy
required the lowest energy consumption while oxyaet OUR controller presented
similar consumptions. Oxygen controller achievesllilghest OUR.x (15.1) when

applying a constant airflow of 3 L mifrand a close value (13.0) was reached in the

14
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OUR controller. In a previous work, it was confirdninat during the high-rate phase,
the biological activity is always the limiting stepd the oxygen concentration in the

biofilm is practically negligible (Puyuelo et a2010).

3.3. Gaseous emissions
3.3.2. CH evolution

CH,4 emissions along the composting process are a goesee of low oxygen
content, which favors the anaerobic biologic atgiMNormally, it is due to excessive
moisture or insufficient aeration.

Figure 2a shows Ctprofiles for each aeration strategy studied,@ids not
detected for the first 4 d in the exhaust gasdgadtbeen recently described that the
highest CH emissions are produced in the high-rate stagleeoptocess (Ahn et al.
2011; Jiang et al. 2011). Our results are in agee¢r@mnd highlight the highest methane
emission at the end of this phase (from day 6 yol@aof process) coinciding with a
slight decrease of temperature. Around th® day of process, the Giémission
decreased as well as the temperature and OUR. @ttadtal. (2011) confirmed that
above 20 °C there exists an exponential correldtetween temperature and £H
emissions.

The final cumulative results showed that the cyakcation favored the CH
emissions. It was expected since this strategyiredjlower air consumption
(equivalent airflow 1 L mitt, Table 2) and an oscillating aeration regime ksto
oxygen levels below 5% (Fig. 1b). This situatiorswainimized with the oxygen
controller, since the airflow increased for avoglmkygen concentrations below 11.5%.

On the contrary, the OUR controller presented thmeekt overall Ckemission,

15
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confirming that this type of control based on taspiration of microorganisms is a good

alternative to minimize methane emissions.

3.3.3. NO evolution

Temperature, nitrogen content and aeration ratpan@meters strongly related
to the NO generation (Hellebrand and Kalk, 2001). Many argdlhave described that
the highest NO emissions are detected during the initial stepdHal., 2001; El Kader
et al., 2007; Jiang et al., 2011). In fact, in samoeks, NO was not detected after
starting the process (Fukumoto et al., 2003). i gtudy, our results showed a
sustained emission of,® along the experimental time, as can be observédyi 2b.
This measure was always among 4 and 6 ppm beingdhest values obtained in the
initial stage (first 4-6 d of process). Some stadide et al., 2001) mentioned that the
temperature could inhibit some mechanisms 9 l§eneration.

According to the Chldata previously presented, anaerobic conditions we
present with the cyclic aeration. It was confirnvgth the NO emissions that were also
higher than those of the other controllers. Onesibies hypothesis to explain this trend
is that nitrite and nitrate were formed during ltiigh aeration periods and later partially
denitrified to NO during the anoxic-anaerobic periods. Many authaxse also related
the NO emissions with the airflow range applied (Willetsal., 1996; Béline et al.,
1999; Loyon et al., 2007). However, no clear relativas observed in this work
between the global airflow supplied angNemission, which might imply that the key
factor in controlling the BD emissions during composting is the aerationegsaéind

the availability of oxygen rather than the amoundxygen supplied to the reactor.
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3.3.4. NH evolution

NH3 emissions are dependent on C/N ratio, tempergttttend airflow. All
profiles obtained in our study followed a similegnid to that of temperature curve i.e.,
the highest ammonia emissions appeared duringigherate thermophilic stage, a
trend that has been demonstrated in previous st@eegans et al., 2006). Most NH
concentration values achieved were around 600-)0lHy m™. Similar ranges were
obtained in bench composting experiments with ssgetected OFMSW (Pagans et al.,
2006; Pagans et al., 2007).

The cumulative emissions of ammonia are present&ii 2c. NH emissions
were always produced after reaching an alkalinelplthe cyclic aeration this did not
occur until the fifth day. This strategy providéxthighest cumulative Nf-€mission,
68% higher than that detected with the OUR cordrpfpfrobably because of a longer
thermophilic stage. With the oxygen controller ghebal emission was similar to that
of the OUR controller. Additionally, other experims performed with the OUR
controller but using a higher airflow range (betw@eand 3 L mift) showed a

proportional relationship between airflow and N¢nission (data not shown).

3.3.5. Global emissions

Table 3 shows the global emissions of,CN,O and NH generated during each
experiment. These values are presented as a faraftibe weight of waste treated (E)
and are also expressed taking into account ther@Riction according to the new
functional unit (RIE) proposed by Coldn et al. (2DIwhich allows the results to be
related to the effectiveness of the compostingguerénce. In our case, these units

emphasized the good results that the OUR controffers since this system led to the
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highest DRI reduction. All results demonstrated tha OUR controller reduced the
GHG emissions and thus, the environmental impaxiaated to the composting
process. Actually, the most relevant fact obsewas the gradual evolution of the
gaseous emissions detected under the OUR controhex is crucial aspect to design
and simplify the configuration of gas exhaust et technologies typically used in
composting (biofilters, scrubbers, etc.) ant taygéethis units to operate in a steady
non-oscillating profile of the gaseous treatmepeically, the gradual airflow
evolution and pollutant concentrations would avibiel high emissions observed when
the high sudden airflows appear in the other cdletotested. On the contrary, cyclic
aeration always presented the highest emissionsla8idifferences among controllers
were observed using the RIE units.

The overall NO emissions values obtained were lower than the réguorted in
literature (Amlinger et al., 2008). In the caserathane, similar emissions have been
detected by other authors. Instead,sNirhissions were somewhat higher than the
ranges reported in literature although these vatoe&l be included within the range
described by Clemens and Culhs (2003) in mechahio&gical treatment facilities
ranging from 0.02 to 1.15 kg NHWg™ OFMSW. According to a recent study (Puyuelo
et al., 2011), these high emissions could be atedhto an estimation of C/N ratio
based on TOC rather than biodegradable organiooarb

From a GHG point of view the results showed aglaat the OUR controller
significantly decreased this impact. Global dataene2, 9.7 and 4.9 kg G@q Mg*
OFMSW for oxygen feedback, cyclic and OUR contmltespectively (Table 3).
Unfortunately, the contribution of J® emission on the GWP of the oxygen controller

had to be estimated, since this measure couldlmlyndertaken during the first five
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experimental days due to technical problems. Sigadif, a linear extrapolation was
assumed to estimate the globalO\Nemission after 20 days with the oxygen controller

Finally, GWP minimization is even more relevanddta are related to DRI
efficiency (Table 3). Accordingly, it is evidentahthe OUR controller is a positive
strategy to reduce greenhouse emissions with dedaexduction of DRI, showing that
a high stabilization of organic matter in high-rédeced-aerated composting is

compatible with a low GWP.

4. Conclusions

We have demonstrated that the application of a agwvanced controller based
on the on-line determination of the respirationtttd composting mass minimizes the
GHG emissions from the composting of biowaste aruleiases stability of the final
product. This has important effects on the envirental impact related to the
composting process as well as in the design ofesthgas treatment units for biowaste
composting, a point with relevant implications inetcomposting acceptance and
development. Further studies should be focused hen a@pplication of the OUR

controller to other wastes where composting istlaé treatment alternative.

Acknowledgments
Authors thank the financial support of the Spanihisterio de Economia y Competitividad (Project

CTM 2012-33663).

19



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

References

Adani, F., Ubbiali, P., Genevini, P., 2006. Theedetination of biological stability of
composts using the dynamic respiration index: Hsellts of experience after
two years. Waste Manage. 26, 41-48.

Ahn, H.K., Mulbry, W., White, J.W., Kondrad, S.2011. Pile mixing increases
greenhouse gas emissions during composting of daaryure. Bioresource
Technol. 102, 2904-29009.

Amlinger, F., Peyr, S., Cuhls, C., 2008. Greenh@aseemissions from composting and
mechanical biological treatment. Waste Manage.R&s47-60.

Béline, F., Martinez, J., Chadwick, D., Guiziou, Eoste, C.M., 1999. Factors affecting
nitrogen transformations and related nitrous oxdgssions from aerobically
treated piggery slurry. J. Agri. Res. 73, 235-243.

Chadwick, D., Sommer, S., Thorman, R., Fangueitp{ardenas, L., Amon, B.,
Misselbrook, T., 2011. Manure management: Implasaifor greenhouse gas
emissions. Animal Feed Sci. Technol. 166, 514-531.

Clemens, J., Cuhls, C., 2003. Greenhouse gas emsssom mechanical and biological
waste treatment of municipal waste. Environ. Tethw, 745-754.

Colén, J., Cadena, E., Pognani, M., Barrena, Ri¢cl&, A., Font, X., Artola, A., 2012.
Determination of the energy and environmental bosdessociated with the
biological treatment of source-separated municpét wastes. Energy
Environ. Sci. 5, 5731-5741.

de Guardia, A., Petiot, C., Rogeau, D., 2008. brilee of aeration rate and
biodegradability fractionation on composting kigstiWaste Manage. 28, 73-

84.

20



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

El Kader, N.A., Robin, P., Paillat, J.M., Leternke, 2007. Turning, compacting and the
addition of water as factors affecting gaseous gons in farm manure
composting. Bioresource Technol. 98, 2619-2628.

Fukumoto, Y., Osada, T., Hanajima, D., Haga, KQ2@Patterns and quantities of jyH
N>O and CH emissions during swine manure composting withorged
aeration-effect of compost pile scale. Bioresoureehnol. 89, 109-114.

Guinée, J.B., 2001. Life Cycle Assessment: An Ogpmral Guide To The ISO
Standards. Part 1 And 2. Ministry of Housing. Sgdad@lanning and Environment
(VROM) and Centre of Environmental Science (CMLegmTHaag, The
Netherlands.

Giusti, E., Marsili-Libelli, S., 2010. Fuzzy modely of the composting process.
Environ. Model. Soft. 25, 641-647.

Haug, R.T., 1993. The Practical Handbook of Composfineering. Lewis Publishers,
Boca Raton, FL.

He, Y., Inamori, Y., Mizuochi, M., Kong, H., Iwam\., Sun, T., 2001. Nitrous oxide
emissions from aerated composting of organic wa&steiron. Sci. Technol. 35,
2347-2351.

Hellebrand, H.J., Kalk, W.D., 2001. Emission of h@ete, nitrous oxide, and ammonia
from dung windrows. Nutr. Cycl. Agroecosys. 60, 83-

Jiang, T., Schchardt, F., Li, G., Gou, R., Zhaq,2011. Effect of C/N ratio, aeration
rate and moisture content on ammonia and greentgassemission during the

composting. J. Environ. Sci. 23, 1754-1760.

21



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

Keener, H. M., Elwell, D.L., Ekince, K., Hoitink,.A.J., 2001. Composting and value-
added utilization of manure from a swine finishfagility. Compost Sci. Util. 9,
312-321.

Kim, S., Deshusses, M.A., 2008. Determination ossn@ansfer coefficients for
packing materials used in biofilters and biotrioglifilters for air pollution
control. Chem. Eng. Sci. 63, 841-855.

IPCC, 2006. International Panel on Climate Chailg€C Guidelines for National
Greenhouse Gas Inventories: Workbook, InternatiBaalel on Climate Change,
Hayama, Kanagawa.

Loyon, L., Guiziou, F., Béline, F., Peu, P., 20@aseous emissions (NHN.O, CH,
and CQ) from the aerobic treatment of piggery slurry-camgon with a
conventional storage system. Biosyst. Eng. 97,48Q®-

Osada, T., Kuroda, K., Yonaga, M., 2000. Determamabf nitrous oxide, methane, and
ammonia emissions from a swine waste compostinggsso J. Mat. Cycl. Waste
Manage. 2, 51-56.

Pagans, E., Barrena, R., Font, X., Sanchez, A§.2A8thmonia emissions from the
composting of different organic wastes. Dependeancprocess
temperature. Chemosphere 62, 1534-1542.

Pagans, E., Font, X., Sanchez, A., 2007. Couplamyposting and biofiltration for
ammonia and volatile organic compounds removalsyt Eng. 97, 491-500
(2007).

Papadimitriou E.K., Bidlingmaier, W., Gea, T., 20Bdndamentals in selecting input
and output variables for composting process auticraantrollers. Compost Sci.

util. 18, 6-21.

22



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

Pognani, M., Barrena, R., Font, X., Adani, F., Siead., Sanchez, A., 2011. Evolution
of organic matter in a full-scale compostine pfamtthe treatment of sewage
sludge and biowaste by respiration techniques gralysis-GC/MS.
Bioresource Technol. 102, 4536-4543.

Ponsa, S., Gea, T., Sanchez, A., 2010. Differafit@s to express biodegradability in
organic solid wastes. J. Environ. Qual. 39, 706-712

Puyuelo, B., Gea, T., Sanchez, A., 2010. A newrobstrategy for the composting
process based on the oxygen uptake rate. ChemJEDG5, 161-169.

Puyuelo, B., Ponsa, S., Gea, T., Sanchez, A., 2D4termining C/N ratios for typical
organic wastes using biodegradable fractions. Ckphere 85, 653-659.

Ruggieri, L., Gea, T., Monpeod, M., Sayara, T., $&z¢ A., 2008. Performance of
different systems for the composting of the sowselected organic fraction of
municipal solid waste. Biosyst. Eng. 101, 78-86.

Ruggieri, L., Gea, T., Artola, A., Sanchez, A., 208ir filled porosity measurements
by air pycnometry in the composting process: aess\and a correlation
analysis. Bioresource Technol. 100, 2655-2666.

Scaglia, B., Orzi, V., Artola, A., Font, X., Sanahd\.., Adani, F., 2011. Odours and
volatile organic compounds emitted from municipaldwaste at different
stage of decomposition and relationship with biaabstability. Bioresource
Technol. 102, 4638-4645.

Shen, Y., Ren, L., Li, G., Chen, T., Guo, R., 20bfluence of aeration on GHN,O
and NH; emissions during aerobic composting of a chickamumne and high

C/N waste mixtures. Waste Manage. 31, 33-38.

23



535

536

537

538

539

540

541

542

543

544

Smet, E., Van Langenhove, H., De Bo, I., 1999. @iméssion of volatile compounds
during the aerobic and the combined anaerobic/aeooinposting of biowaste.
Atmos. Environ. 33, 1295-1303.

The US Department of Agriculture and The US Comipgstouncil, 2001. Test
Methods for the Examination of Composting and Costpledaphos
International, Houston.

Willers, H.C., Derikx, P.J.L., ten Have, P.J.W.j/iT.K., 1996. Emission of ammonia
and nitrous oxide from aerobic treatment of ve#filglarry. J.Agri. Eng. Res.

63, 345-352.

24



545

546

547

548

549

550

551
552
553

554

Tables
Table 1. Characterization of the initial OFMSW collected dnthl products obtained
after 20 experimental days using each specifitoartontrol system.
Material Dry Matter ~ Organic Matter Organic Carbon Total Nitrogen
(%, wb) (%, db) (%, db) (%, db)
Initial OFM SW 33.5+03 782 43.3 2.05 +0.07
Final Oxygen control 31.0+0.3 74 +3 41.0 21+0.1
Product Cyclic control 26.6 £ 0.5 773 43.0 2.36 £ 0.05
OUR control  44.0 £0.9 74 =3 41.0 24+01
OFMSW: Organic Fraction of Municipal Solid Wastdy:wvet basis; db: dry basis.
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555  Table 2. Principal parameters evaluated for each aeratedrays

556

557

558

: Energy consumption OURax Final DRI

Aeration system ;3 Mgt OFMSW) (g O, h)  (mg O, g* OM h)
Oxygen control 548 + 32 15.1+0.6 2.1+0.05
Cyclic control 487 + 67 - 1.9+0.07
OUR control 634+ 24 13.0+£0.3 1.5+£0.06

559

560 OURn« maximum oxygen uptake rate reached; DRI: dynaespiration index average.
561

562



563 Table 3. Total emissions of Ck N.O and NH and total global warming potential for

564 the three systems considered.

565
566
Global CH,4 emissions N,O emissions NH; emissions Global warming
emissions and kg CH, kg N,O kg NH; potential
impact Mg' OFMSW Mg*! OFMSW Mg® OFMSW kg CO-eq
Oxygen control 0.12+0.02 > 0.0040 >0.7 7.2+0.5
Cyclic control 0.25+0.03 0.0152+0.005 >1.0 9.7+0.9
OUR control 0.07+0.01 0.0094+0.001 0.7+0.01 4.5+0.3
kg CH, kg N,O kg NH;
RIE, Mg? OFMSW Mg! OFMSW Mg* OFMSW kg CO-eq DRI g
DRI e DRI e DRI e
Oxygen control 0.029+0.002 > 0.0011 >0.18 2.21+0.05
Cyclic control 0.060+0.004 0.0043 >0.29 2.98+0.09
OUR control 0.020+0.001 > 0.0005 0.18+0.02 1.32+0.03
567

568 OFMSW: Organic fraction of municipal solid wastetJR: oxygen uptake rate; DRI: dynamic
569 respiration index average. DRE(DRIliniia-DRlsna): Dynamic respiration index reduction
570 during the experimental process; RIERespiration index efficiency for global emissipns
571  RIEs: Respiration index efficiency for global emissions

572

573

574
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L egendsto Figures

Figure 1. Evolution of temperature and airflow applied tbe three aeration strategies studied
(one replication shown as example): oxygen feedlwackroller (a), cyclic controller (b) and
OUR controller (c). The OUR profile is also showadhe experiment C and during the high-

rate decomposition stage of the case A. Oxygerilgiisfshown for cyclic controller.

Figure 2. Cumulative emission of CHa), NO (b) and NH (c) for the oxygen, cyclic and

OUR controller (one replication shown as examge)O emission for the oxygen controller
could only be measured during the first five expemtal days due to technical

problems.
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