This is a pre-print of an article published in Environmental chemistry letters.
The final authenticated version is available online at:
https://doi.org/10.1007/s10311-015-0507-5

Cop. “All rights reserved” license



Greenhouse gas (GHG) emissions from organic waste composting: a review.

Antoni Séncheji, Adriana Artold, Xavier Font, Teresa GeaRaquel BarrerfaDavid Gabriel,
Miguel Angel Sanchez-Monedérasuncion Roig Maria Luz Cayuefa Claudio Mondint

! Department of Chemical Engineering
Universitat Autonoma de Barcelona
08193-Cerdanyola del Valles (Barcelona, Spain)

Z Centro de Edafologia y Biologia Aplicada del Segur
Consejo Superior de Investigaciones Cientificas
Campus Universitario de Espinardo
30100-Espinardo (Murcia, Spain)

% Consiglio per la Ricerca e la sperimentazionegniéoltura
Centro di ricerca per lo studio delle relazionigianta e suolo
Gruppo di ricerca di Gorizia, CRA-RPS

34170 Gorizia (GO, Italia)

* Corresponding Author:
Antoni Sanchez

Fax: 34-935811019
Antoni.sanchez@uab.cat



Abstract

Today, there is common consensus in using biolbdezhnologies for the treatment of organic
wastes. Among these technologies, composting asthiar words, the aerobic biological stabilization
of organic wastes, is gaining popularity. The anmta@mfrmaterials and the variety of wastes composted
is increasing in the last years. However, compgstininherently a process where some gaseous
emissions are generated. Among these emissions, @tdGof special relevance for the global
warming potential. Carbon dioxide (not from biogesburces), methane and nitrous oxide are the
main responsible for the global warming relatedcémposting operations. Although a fraction of
these gases is inherent to the process conditaamher important part can be abated by low-cost
biological technologies, such as biofiltration atslvariations. This review compiles all the points
related to the emission of GHG from composting gadfeom detection and measurement to
minimization and abatement.

In this work, special emphasis is given to the sneement of GHG to obtain reliable emission
factors for the different composting technologighich may help in the comparison of different waste
treatment options based on overall analysis toalsh sas Life Cycle Assessment (LCA) and,
eventually, in the decision-making process. A dpechapter is related to the carbon and nitrogen
dynamics in the composting matrix and its influerre the carbon and nitrogen gases from this
process. Finally, a complete review of the besilabi® practices to minimize the GHG emissions

from composting and the final treatment of compustiff-gases is presented.
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1. Introduction

The sustainable use of resources and wastes, inglwdaste minimisation and valorisation, is a
common objective of the plans, directives and rplaislished in the last few decades. One example is
the Sixth Programme of Community Action in the diedf Environment (“Environment 2010: the
future is in our hands”) published by the Europ&amon for the period 2001-2012 (European Union,
2008a). The Sixth Program of Action includes th@lamentation of seven thematic strategies and,
among them, specifically waste prevention and renycwith the objective to reduce the negative
environmental impacts during the whole life cyclé wastes, from their production to their
elimination, including their recycling. One of thesults of all these legislation efforts was the
publication of the Waste Framework Directive in 80This Directive considers waste not only as a
potential source of pollution, but also as a reseuhat can be used. Specifically, in the case of
biodegradable wastes, the Directive 1999/31/CEaodfllling of wastes encourages the diversion of
these wastes to other treatment technologies imghthe recycling and energy recovery from wastes,
where composting will have a great importance (Ream Union, 2008b; Commission of the
European Communities, 2008). Nevertheless, ther@mviental impact assessment during the whole
life cycle of wastes lacks of data obtained digeetl full-scale waste treatment facilities opergtin
different locations, thus limiting the quality araliability of these analyses necessary for thesitat
making process.

A direct consequence of the above mentioned pladsiaectives has been the proliferation of
a large number of new waste treatment plants Iegtah Europe and all over the world in the last
years, as well as the modification and adaptatiothe@ existing ones. In particular, composting and
anaerobic digestion are the more widely acceptedgsses for organic waste treatment. Composting
plants are typically operated either in piles anreis, whereas anaerobic digestion can take place
either in wet or dry digesters, typically followbgl composting of the digested sludge with the aim o
ensuring its sanitation and stabilization (Ponsa#.e2008).

Waste treatment facilities can be the origin ofljgubomplaints, most of them associated to
annoyances caused by odour emissions generated)dibe process. Biological treatment plants are a
clear example of this problem. Odours generated fthis type of treatment plants are mainly
associated to the emissions of volatile organic pmumds (terpenes, alcohols, ketones, sulphur
compounds, amines, etc.) and ammonia (Goldsteif2;2&omilis et al., 2004). Some of the
annoyances caused by these emissions are oftenifisdgmecause of the lack of real data from
operating plants that would contribute to have &jeaive and scientific base to analyse these
problems. Such lack of data also represents agobbr the design of mitigation measures such as
the use of biofilters. In addition to this, greenke gases (GHG) emission inventories evidence the
increase in the amount of these compounds thatraitted from waste treatment facilities. Emission
of CO,, CH,; and NO are the main responsible of this increase (Cetdi., 2012).



Emissions generated in waste treatment plants, airticplar those based on biological
treatments, are related to the type of technoldlyg, type of wastes treated and the operational
conditions of the plant. For this reason, it iswienportant to relate the emissions to the perforrea
of the biological treatment plants and also towastes being treated, since each treatment teahynolo
and waste will give rise to different end produmimlity and organic matter stabilisation degred®e T
use of respirometric indices to monitor the stabitif the organic matter has been one of the main
research topics in the last years (Barrena et28D5; Barrena et al., 2006; Barrena et al., 2009a;
Barrena et al., 2009b; Ponsa et al., 2008).

Although ammonia is not considered a GHG, its eimigs during composting are usually
studied because it causes acid rain and from the pbview of the conservation of nitrogen in the
end-product because of the potential use of comipaajriculture, as well as for the determinatidn o
the efficiency of the systems for gas emissiontineat, such as scrubbers and biofilters. Ammonia
emissions are affected by the C/N ratio of thédhitomposting mixture, by the temperature reached
during the process and by the aeration (Pagans @086b; Raviv et al., 2002; Sanchez-Monedero et
al., 2001). Biofilters have shown to be an effitiequipment for the reduction of ammonia emissions
in enclosed waste treatment plants (Hong and P84, Pagans et al., 2006b), although for long
periods ammonia tend to reduce the efficiency sftdchnology (Baquerizo et al., 2005).

An important part of the published literature ire thield of gaseous emissions is related to
odours, mainly by means of dynamic olfactometry,bioth composting plants and mechanical-
biological treatment plants (MBT). As already mengd, a number of laboratory-scale experiments
have been performed with the aim of determiningdtvapounds that more significantly contribute to
odour pollution. Thus, Goldstein (2002) identifiedpenes, alcohols, aldehydes, fatty acids, ammonia
and a range of sulphur compounds as the main retgperof odour emissions at composting plants.
Other authors have studied the effect of some tipaed conditions, such as ventilation and turning,
in these emissions (Szanto et al., 2007). Gage3j2@@posed a number of managing practices aimed
at reducing the annoyances generated by odour iemésdor instance, preparation of an optimal
initial mixture and the maintenance of high levelgorosity to assure aerobic conditions in the pil
(Ruggieri et al., 2009). Enclosing the compostipgrations and the use of biofilters are among the
main mitigation strategies for both odours and GHG.

The importance of GHG emissions generated duriegbiblogical treatment of wastes has
been also stated by several authors, €@issions coming from biological process are woistdered
to contribute to global warming since this carbas la biogenic origin, i.e., this carbon has been
previously fixed biologically. Regarding other gaskle et al. (2001) measured the emissions,of N
and CH during the composting of food wastes under lalooyatonditions in a closed system with
forced aeration. Although generated in small amguNtO and CH have a great contribution to

global warming since they have a warming poter2ta(CH,) and 235 (NO) times higher than that of
CO..



There are some scientific publications that progdseous emissions data generated during
the biological treatment of organic wastes, maifuly manures and sewage sludge. However, the
number of published papers dealing with municididswastes is scarce (Colén et al., 2012). The
works carried out by Eitzer (1995) and Staley e(2006) are very important for the characterizatio
of the emissions generated during the biologiettnent of wastes and the identification of specifi
compounds. In 1995, Eitzer performed a comprehensivaracterisation of the volatile organic
compounds (VOC) generated in composting plantgitganunicipal solid wastes and its possible
relation to the process performance. On the othed hStaley et al. (2006) studied the VOC emissions
originated during the aerobic treatment of wastealao during the anaerobic biodegradation process.
These works highlighted the importance that foraerthtion, used in the biological processes, had on
the total emissions (Delgado-Rodriguez et al., 20I8rpenes and ketones are shown to be the most
abundant compounds. These experimental works werfermed under laboratory conditions, which
would limit their extrapolation to full-scale plantPagans et al. (2006a) also evaluated the affect
the type of waste (industrial and municipal soliiste) on VOC emissions under laboratory
conditions. Komilis et al. (2004) identified the imavOC emitted during composting of pruning
residues (mainly terpenes, alkyl benzenes, ketandsalkanes) and also during composting of food
wastes (sulphides, organic acids and alcoholshedisas the stages of the process that generaged th
highest emissions (thermophilic phase).

The determination of emission factors for differewaistes and different treatment technologies
will be a useful tool for the calculation of globamissions at facilities operating with a technglog
already studied in other treatment plants. Emisdaxtors for VOC, NH or GHG are usually
expressed per ton of treated waste or per amouwtitained compost (Amlinger et al., 2008).

Sampling and measurement protocols for the detatmom of emissions have been also
studied (Sironi and Botta, 2001). Even though theme several published papers about this topic
(Sommer et al., 2004), there is a lack of inforovatdbn the measurement of emissions from surface
sources, in both non-aerated (composting piles nattural aeration by convection) and those with a
common source that will be later spread in an bstlieface (biofilters).

The main factors controlling a composting process those characteristics of an aerobic
biological process such as oxygen concentratiompégature, moisture, pH and C/N ratio. The
optimum values for the C/N ratio range from 15 @) &ven though it is possible that composting takes
place in a wider range of values (Haug, 1993).tRi@rreason, adjusting the optimum C/N ratio of the
starting mixture is recommended. The use of diffecganic wastes or some selected additives could
also be satisfactory (Charest and Beauchamp, 28@®Ertheless, the amounts of carbon and nitrogen
used for the calculations should be referred to @ngounts that are ready available for the
microorganisms when considering the C/N ratio parameter to be optimised (Puyuelo et al., 2011).

This specific point is very important for the pdiah practical implications in the preparation of



starting composting mixtures. In relation to pHeeet studies have demonstrated its effect on the
emissions of odours (Sundberg et al., 2013).

In this context, respirometric methodologies hagerbshown to be suitable and reliable for
the determination of the amount of biodegradablgamic matter in wastes of different origin and
characteristics. There are two types of respirametnalysis for this purpose: dynamic and static
determinations, being the dynamic methods the mimly accepted and recommended (Adani et al.,
2004; Barrena et al., 2006; Gea et al., 2004). Measurement of the GQoroduced during the
respirometric test is also used as a measuremehneé dfiodegradability of the organic matter (Cogper
2004) and, consequently, of the biodegradable dazdgan

Other researchers have worked on the emissiongajededuring the composting process of
agricultural wastes (Komilis et al., 2004; Cayuetaal., 2006; Mondini et al., 2006; Mondini et al.,
2007; Sanchez-Monedero et al., 2008; Szanto e2@D7). In the USA, other studies are focused on
VOC and NH emissions during the composting of biowaste (B@éjilknez and Evans, 2007).

This review is a compilation of the different worttealing with the measurement, detection,
minimization and treatment of the GHG emitted dgrihe composting process of a wide variety of
organic wastes. This article is an abridged versobrthe chapter by Smith (2013) [Chapter 2]
published in the book series Environmental Chemistfor a Sustainable Word

(http://lwww.springer.com/series/11480).

2. Composting

2.1 The specific role of compostingin GHG emissions

Composting is an environmentally friendly wasteatneent process where organic matter is
biologically degraded. Although the benefits of gmsting are evident, GHG can be generated and
emitted to the atmosphere during this process itanitng to global warming.

In this context, composting of organic waste ctwies (composting process) and avoids
(compost application) at the same time to GHG dpmnss GHG are released from composting
facilities due to degradation of organic matter graluse of electricity and fuels in managementavas
operations. The use of compost in agriculture hgsositive effect in GHG emissions since its
application as an organic amendment provokes Hraba stays bound to soil, although the content of
other nutrients (N. P. etc.) is typically low. GH&issions from composting processes depend on the
waste type and composition, the technology systesesl (static and dynamic process, open and
closed systems, presence or not of gas treatmésj and the final use of compost.

Benefits of compost application have to be assetsggrther with a real knowledge about the
amount of GHG such as,® and CH generated during the composting process. Thaoelat GHG

with some operational conditions and the technologgd must be also considered. Data on GHG



emissions from full-scale composting facilities amecessary to improve the knowledge about the
contribution to the composting in GHG emissionstha last years, there has been an increase in the
number of scientific publications studying GHG esiusis during composting (Amlinger et al., 2008;
Boldrin et al., 2009; Sanchez-Monedero et al., 20CAyuela et al., 2012; Col6n et al., 2012;
Deportes, 2012).

GHG emissions from composting processes are higklyendent on the waste type and
composition. The composition and characteristictheffeedstock are key parameters for the design
and operation of the composting facilities andtfar final quality of the compost (Haug, 1993).

Wastes with a low C/N ratio and high water contemte a great potential for generating GHG
emissions both during the storage and the compmpgtiacess. In fact, wastes lacking of nutrients,
porosity and structure, or presenting low biodeghdiity can hamper the correct evolution of the
process, increasing the GHG emission. In order itonmize these emissions, optimal conditions for
the initial mixture are required.

For some wastes, pretreatment operations beforpasiing are required. This is the case of
municipal solid wastes, especially when a sourpsisdgion system is not implemented. The
production of high-quality compost from MSW may ueg a lot of energy because of the use of
heavy machinery that makes GHG emissions unavadailu and Nair, 2009). Other materials, such
biosolids or manure, have a poor structure andxaess of water content and require the use of a
bulking agent. Grinding and mixing this bulking agere operations that require energy that again
contribute to GHG emissions.

Composting technologies can be open and closdemsgs In open systems, composting is
performed in facilities where, in general, gaseamissions are neither collected nor treated.
However, when the composting process takes plaem ienclosed system usually the exhaust gases
are treated. As expected, concentrations of GHGrteg in facilities when the gas treatment systems
are well-implemented were lower (Colon et al., 20ttan those of open systems. Effects of forced
aeration and turning in GHG emissions have beeam dlgdied. Szanto et al. (2007) observed lower
N,O and CH emissions in turned piles than in static systeffey related these emissions to the
prevalence of anaerobic regions in the static systas other similar studies (Parkinson et al.4200
Amlinger et al. (2008) proposed that high aeratma effective stripping of NHduring the early
stages of composting can reducg®Normation. Ermolaev et al. (2012) studied theef of different
aeration and temperature settings on the emisgi@Hg N,O and CQ during windrow composting
with forced aeration following three different cuwoit strategies. However, they found that the
emissions of Cidand NQ were low regardless the amount of ventilation. dkggen concentration,
temperature profile and moisture content are factantrolling GHG emissions. Nowadays, in the
composting field, the technology that allows thatodl of these parameters is available.

Regarding CQ its emissions in composting derived from the orgamatter biodegradation

are not taken into account in their contributiongtobal warming since this carbon has a biogenic



origin. The CQ that contributes to GHG emissions is generateddmyposting facilities as a result of
operational activities. In composting, the main GHf@t can contribute to global warming are .CH
and NO. Both are related to a lack of oxygen during ¢benposing process and consequently they
depend on the management of the composting pr¢Cegsiela et al., 2012; Colén et al., 2012). These
gases, although they are generated in small amdwats a great contribution to global warming since
they have a warming potential of 25 (gtdnd 235 (NO) times higher than that of GO

Several authors reported that even in well-aerptedess Chiwas emitted (He et al., 2000;
Clemens and Cuhls, 2003) while Beck-Friis et aDO(® observed a rapid decrease when the oxygen
supply was increased. The production gDNcan be due to an incomplete ammonium oxidation or
incomplete denitrification (Beck-Friis et al., 200&missions of BO have been reported at different
stages of the process. Some authors reported higdsiens at the beginning of composting (He et al.,
2000, Parkison et al., 2004). Other studies reddtte production of PO during the mesophilic and
maturation phases (Beck-Friis et al, 2000; Had.e2804) when the readily available carbon sources
has been depleted (He et al., 2000). According agu€la et al. (2012), & formation will be
hampered if there are conditions to inhibit nitdfiion (such as low available NWHn the pile or high
pH). Beck-Friis et al. (2000) and Fukumoto et 20(3) related PO emissions to the temperature of
the process and GHmissions to the size of the pile (both works wegdormed at full-scale, using
windrows and forced aeration systems, respectivéty) structure of the material and the time of the
process. Higher emissions were measured in laifgey, pvith a poor structure and longer composting
times. Monitoring of Clemissions showed a large experimental fluctuaticail works.

Several authors have reported the GHG emissionsrgta during the biological treatment of
several typologies of wastes. Most of them wereutated from laboratory and pilot scale processes,
although interesting data at industrial scale Hzeen also reported (Boldrin et al., 2009; Coloalet
2012; Ermolaev et al., 2012). There are an impbomamber of studies that quantify ¢lend NO
emissions from animal manures (Fukomoto et al.,3208ao et al., 2004; Stanzo et al., 2007).
However, less published works dealing with municgmid wastes can be found, and even less works
studying the GHG emissions of different compostgpgtems have been published.

Colén et al. (2012) evaluated four different fudbte facilities treating the source-separated
organic fraction of municipal solid wastes (OFMSWhey reported a range of ¢kand NO
emissions between 0.34 and 4.37 kg,G4) OFMSW! and 0.035 and 0.251 kg Gi¥lg OFMSW?,
respectively. Regarding GHhe highest values were found in facilities withgats treatment units.
Also, Boldrin et al. (2009) presented a study wheseeral technologies for municipal solid waste
treatment were evaluated. They reported, @htl NO emissions ranging from 0.02 to 1.8 kg AWy
OFMSW"and 0.0075 and 0.252 kg GMg OFMSW™.

As previously commented, although ammonia is nosmered a GHG, its emission during
composting plays an important role. Ammonia emissiare affected by the C/N ratio of the initial

composting mixture, by the temperature reachedndutie process and the aeration (Pagans et al.,



2006b). High loads of ammonia can reduce the optus@ of the biofilter system in enclosed facistie
(Amlinger et al., 2008). Moreover the conservatmitrogen in the end-product improves compost
use in agriculture as organic fertiliser. Consegjyefrom a global warming point of view, less usfe
chemical fertilizers will be required (Favoino addgg, 2008).

In the role played by composting in GHG emissidns important to bear in mind the role of
compost as an end-product. The use of compost asganic amendment can contribute to mitigate
GHG in several forms.

Compost utilization can reduce the need of chenfartilisers and pesticides, which implies
the reduction of GHG emissions associated withrthedduction and application. Also, a positive
effect in soil structure is produced with compopgplaation by improving tillage and workability.
Improved structure of soils associated with theliagfion of organic matter can help to reduce
requirements for water irrigation in periods of dght and to increase the potential of soils toimeta
moisture (Favoino and Hogg, 2008).

One of the aspects associated with compost utdizdahat more attention has received in the
last years is the potential for sequestration oba@a in agricultural soils (Mondini et al., 2007;
Favoino and Hogg, 2008). By applying compost, bimgearbon is held in soils for a period of time
before carbon is released, increasing carbon ugiallestorage within the plant and removing,CO

from the atmosphere.

2.2 GHG emitted during composting and their relationship to C and N dynamics

Microbial transformations involved in the formatioh CH, and NO in composting piles are similar
to those taking place in other environments suchods water bodies, wastewater treatment plants,
etc. However, the microbial gas production andfit@ emission to the atmosphere will be affected
by the particular environmental conditions of costjprg piles (such as temperatures up to 70°C, high
organic matter content, easily available organimpounds, rich and active microbial population and
limited amount of oxygen, etc.) and composting ngamaent operations (turning, watering, pile size
and geometry, etc.). All these variables represetharacteristic environment affecting not only the
microbial gas production in the pile but also fnsport within the pile and the final emissiorthe
atmosphere. In the following sections the impadhef C and N dynamics on GHG emissions during

composting will be also discussed.
2.2.1 Carbon dioxide (C£p
As previously mentioned, there are two main soufe€0, emissions from composting facilities,

biogenic and non-biogenic GABiogenic CQ emissions derive from the biological degradatibthe

organic matter, mostly as a consequence of aemddomposition and, to a lesser extent, from



anaerobic processes or the oxidation of, Qi aerobic methanotrophic bacteria. This emission
accounts for the highest amount of gas generatedgdlihe process, since between 40 and 70% of the
original organic matter can be degraded during @stipg (Haug, 1993). However, the global
warming potential of these emissions are not talkém account in the environmental impact of
composting operations since this biological ,G©considered to be carbon neutral (IPCC, 2006 T
exclusion from the inventories has reduced the reurobpapers studying G@missions and this gas

is only studied from the point of view of establigijimass balances of composting operations (Boldrin
et al., 2009) or as an index of the overall micablictivity of the pile, reflecting the progresstbé
process (Hobson et al., 2005; Sanchez-Monedeilg @040) and the evaluation of the stability of th
end-product (Barrena et al., 2006).

Non-biogenic C® from composting includes the emissions associttednergy and fuel
consumption in the composting facility. These einiss are dependent on the technology of the plant
and the machinery used such as shredders, fromgaturning equipment, screenings, and other
processing activities. These emissions are beywnddope of this review but updated information can
be found elsewhere (Boldrin et al., 2009; Schetitale 2009; Lou and Nair, 2009; Brown et al.,
2008).

2.2.2 Methane (CH

Methane emissions derived from organic waste cotimqgphave attracted the attention of researchers
as a considerable contributor to global warmingeesithis greenhouse gas has a global warming
potential 25 times greater than carbon dioxide av&me horizon of 100 years (IPCC, 2006).

The optimum growing conditions for methanogenicteaa are a lack of oxygen (strict
anaerobic microorganisms), a redox potential beB® mV, neutral pH and the presence of nutrients
and substrates rich in organic matter (Kebrealh. €2@06). These conditions can be temporally found
at the early stages of the composting process,eraege amounts of nutrients and available sources
of organic compounds stimulate microbial growth,pldéng the oxygen levels in the Dpile.
Accordingly, most of Chlemissions have been recorded during the initi@ksef the process, at the
beginning of the thermophilic phase (Beck-Friisabt 2000; Sanchez-Monedero et al., 2010). The
high temperatures reached at the beginning of theegs reduce oxygen solubility (Pel et al., 1997),
facilitating the creation of anaerobic spots witttie pile. However, there are other variables sagch
high concentration of ammonia, which may inhibi tctivity of methanogens at pH>9 (Kebreab et
al., 2006), or the presence of electron acceptock ®s sulphates, which reduce their activity by
competition with sulphate reducing bacteria (Haoakt 2005). Sanchez-Monedero et al. (2010)
reported that the high ammonia levels generatethéyhydrolysis of urea, used as nitrogen source,

inhibited the production of CHn olive mill waste composting piles.
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The emission of Cklfrom composting piles is governed by the biolobaetivity of the pile
(Hao et al, 2001) and also by other factors afifigctas transport from the anaerobic spots to tiee pi
surface, such as gas diffusion within the pile ahd presence of methanotrophic bacteria.
Methanotrophs are aerobic microorganisms coloniiiegsurroundings of anaerobic zones and pile
surface, which are able to oxidise between 46 @%d 6f the CH generated in the pile (Jackel et al.,
2005). Methanotrophic bacteria also play an impuntale in the production and consumption of other
relevant GHG emitted during composting, such g End CO (Topp and Hanson, 1991). Sanchez-
Monedero et al. (2011) performed a four-year imptel evaluation of the GHG emissions from a
composting plant treating olive mill wastes andrfdwa reduction of ClHemissions associated to the
improvement of the management of the compostingtpl@vatering and turning frequencies).

Kebreab et al. (2006) and Brown et al. (2009) nsei the topic of GHG emissions from
livestock and composting operations and they hiitéid the importance of the composting feedstock,
the height and shape of the pile, the control ofstnoe content and turning frequency as the main
factors governing ClHemissions during the process, since these vasiatileaffect both the oxygen
availability and gas diffusion in the compostindgepiThe presence of manure can also increase the
methane emissions due to the incorporation of ab&emicroorganisms, as observed by He et al.
(2000) and Sanchez-Monedero et al. (2010) in cotmgppiles treating food and olive mill wastes,

respectively.

2.2.3 Nitrous oxide (hD)

There is an increasing awareness about the emis§ibbO from composting operations due to the
high global warming potential of this gas (296 taregher than that of Gver a 100 year horizon,
IPCC, 2006) and its impact on the ozone layer (Srait al., 2010). Despite the relatively small
amounts of MO released during composting, its contribution he global NO budget in waste
management or livestock agriculture cannot be dischdue to the impact of composting operations
treating manures or other N-rich organic wasteK(éa et al., 2010).

The biological production of XD during composting is a complex process sinceetlaee
different microbial pathways involved in the fornast of N;O (nitrification, nitrifier denitrification
and denitrification among others), which may simnéously occur at different locations within the
pile (Czepiel et al., 1996; Kebreab et al., 200&elia et al., 2011). For this reason, the identifina
of NL,O sources as well as the microorganisms involvetiése processes still remains a key research
topic (Maeda et al., 2011).

Nitrification is one of the main microbial procesdeading to the emission of,® during
composting. Aerobic nitrification involves the iaittransformation of ammonia to nitrite by diffete
genera of ammonia-oxidising bacteria (AOB), suciN&somonasandNitrososporasaccording to

the following equation:
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2NH; + 30, —» 2NO, + 2H + 2H,0
and the oxidation of nitrite to nitrate by nitribeddising bacteria, such asitrobacter (Kowalchuk et
al., 1999; Maeda et al,. 2010):
2NO, + O, — 2NOy

NH," is the main precursor of nitrification. NHis generated by ammonification of OM at
early stages of the process (Sanchez-Monedero .et2@01). Typical alkaline pHs found in
composting matrices favour the transformation @ goluble NH" into NH;, which is then initially
oxidised by AOB into N@ and then transformed to NGy nitrite-oxidising bacteria (NOB). JO is
produced during the initial step of the oxidatiohNH,", as an intermediate between j}HH and
NO, (Czepiel et al., 1996). Ammonia-oxidisirgchaea(AOA) have been recently suggested to be
actively involved in nitrification in compostinglps but the contribution of AOA to the total amount
of N,O still remains unclear (Yamamoto et al., 2010;ehal., 2012).

Denitrification has traditionally represented thaimsource of BD, especially in the case of
manures (Kebreab et al., 2006). Denitrificatiommsanoxic process carried out by denitrifiers, Wwhic
are heterotrophic microorganisms that can usg B®the electron acceptor, causing the reduction of
NO; to N, according to the following steps:

NO; — NO, - NO — N,O — N,

In absence of © NOs is reduced to Nwithout appreciable )0 production, but BD
production can increase as the concentration,dh€@eases in the pile (Czepiel et al., 1996).hiis t
case, nitrifier denitrification (denitrification opled to an incomplete nitrification at low,O
concentrations) can be the responsible of the génarof NO during the initial step of ammonia
oxidation and also as a consequence of, N@®duction. This mechanism has been studied in
agricultural soils (Wrage et al., 2001) but thevenly limited information during composting (He et
al., 2001; Hobson et al., 2005). Fukumoto and Istb2009) observed that the addition of NOB
reduced the emission of,@ during composting of pig manure, suggesting thataccumulation of
NO, in the pile could be a significant source ofON due to the reduction of NOto N,O (under
limited O, conditions) rather than the final oxidation to NQwith no Q limitation). Under these
conditions, when available C was depleted, nitrifienitrification would be the main mechanisms
leading to NO emissions, as observed by He et al. (2000), whod an increase in the® emission
when the ratio between water-soluble C and dissoNgvas lower than 5.

Nitrifiers and denitrifiers show their optimal grdtwunder different environmental conditions.
Nitrifiers require aerobic conditions, mesophil@rtperatures (below 40°C), pH values above 5 and
the presence of N whereas denitrifiers need anaerobic conditionat ¢east low @concentration,
the presence of sources of available C and thespcesof N@, NO, or NO as electron acceptors
(Kebreab et al., 2006). Due to the heterogeneityhef composting materials, both environmental
conditions (aerobic and anaerobic zones) can dosixmiltaneously in the composting mass, since

different oxygen concentration gradients are cceateng the pile (Beck-Friis et al., 2000; Haolet a
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2001). Denitrifiers may colonise the inner parttio¢ pile whereas nitrifiers, which require oxygen
concentrations in the range within 1 and 10% (Bekt al., 1999), may colonise the aerobic pile
surface. The relative contribution of nitrifiersdadenitrifiers to the BD emission was governed by
the oxygen concentration and moisture of the pil@gng and Hanaki, 2000). These authors reported
that denitrification was the main source ofQNat moisture levels between 40-60% and oxygen
concentrations around 10%, whereas nitrificatiorcaoee more dominant at higher oxygen
concentrations.

Similarly to those of Ck N,O emissions can be affected not only by the bickgactivity of
the composting mixture but also by the N availpiiind gas diffusion within the pile (Hao et al.,
2001). Several authors reported peal®Memissions either at early stages of the proceséter the
thermophilic phase of composting, when the envirental conditions of the pile (temperatures below
40°C) favour the growth of nitrifying bacteria (Hg al.,, 2001; Kebreab et al., 2006; Sanchez-
Monedero et al., 2010). Once hN®as been generated, the mixing of the compostatgxrfacilitates
the transport of nitrates from the surface to tterior of the pile where they can be reduced tamd
N,O by denitrifiers. The use of urea as N source erx@mance PD emissions up to levels similar to
those found in N-rich manure heaps due to the asareof available N from the hydrolysis of urea
(Sanchez-Monedero et al., 2010). Vermicompostisg alcreases the,® emissions by stimulating
denitrification and nitrification processes, duethie increase of N availability and the transpdriNo
facilitated by the activity of earthworms (Fred&son and Howell, 2003; Hobson et al., 2005).

Gas exchange within the pile also plays an importae since the generation of® by both
nitrifiers and denitrifiers is enhanced at low ospgconcentrations (Czepiel et al., 1996}. ibl
obtained as the final product of denitrificationabsence of § but significant amounts of J are
generated as the concentration gfizreases in the pile. In addition, pure cultupéfNitrosomona
bacteria responsible of the initial step of ammandimlation have been shown to significantly inceeas
the production of BD under limited oxygen conditions (Goreau et #80). Since these factors are
highly dependent on the composting material angtbeess performance, the specific characteristics
of the starting materials will determine the enmim@ental conditions for N transformation during

composting.

2.2.4 Other relevant greenhouse gases

There are other gases generated in small amounitsydorganic waste composting that have been
studied due to their impact on global warming. @arimonoxide (CO) and nitrogen oxides different
than NO (NQ,) have small direct global warming potential bugyttboth lead to indirect radiative
effects by increasing CHifetime and elevating concentrations of troposuh®; (IPCC, 2006). The
calculation of their contribution to global warmiig subject to large uncertainties due to the short

lifetime and reactivity of these gases in the aphese. According to IPCC (2006) the global warming
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potential, over a 100-year horizon, is likely tob& 3 for CO, and in the order of 5 for surfad®N
emissions.

The emission of CO occurs during the aerobic dgosition of the organic wastes during
composting by a mixture of physical processes dabbdical activity (Hellebrand and Halk, 2001;
Hellebrand and Shade, 2008). These authors fonthéximum CO-flux rates at the beginning of the
composting process, probably due to physicochergeaération, and then the levels decreased during
periods of high biological activity, reflecting themperature dependence of CO emissions and also
the impact of oxygen availability and the oxidattonCG,.. CO emissions only represent a minor GHG
source in green waste and livestock waste (Hellebeand Shade, 2006) and in urban wastes, where
CO-C emissions varied from 0.07 to 0.13 kg Maf wet feedstock, which represents approximately
about 0.04-0.08 % of the total C emitted (Anderseal., 2010a; 2010b). CO emissions have been
also investigated as a potential health risk tokexs in enclosed facilities treating municipal doli
wastes (Phillip et al., 2011).

From the two gases composing N@MO + NQ,), only NO is generated during composting,
either as by-product or intermediate of microbidtfification and denitrification (Del Prado et al.,
2006; Hao et al., 2001). Fukumoto et al. (2011)pisih the NO emissions from swine manure
composting and observed a similar trend to th&d,4f, characterised by a peak after the thermophilic
phase of composting (coinciding with the activifyndrifiers) and a decreasing trend towards the en
of the process. Total NO emissions only representegitenth of the magnitude of,@® emission,

approximately 3% of total N losses.

2.3 Greenhouse gas production for different typologies of organic wastes

There is a wide range of organic wastes that canskd as composting substrates such as manures,
municipal solid wastes, garden and yard wastescudtyral crop residues, sewage sludge and other
industrial sludge, etc. The characteristics of ¢hs&rting materials will affect the physicocherhica
properties of the pile and, consequently, will govihe microbial processes leading to the formation
of GHG and also their diffusion and transport witkiie pile. As already discussed in the description
of the main pathways of GHind NO generation, the main variables affecting GHG sioits are the
moisture content and porosity, which control theygen availability and gas diffusion, and the
presence of nutrients and organic compounds to dsal s substrates for the microorganisms
participating in gas production. The compostinghtedogy used for the aeration (forced aeration or
windrowing), the size of the piles and pile tempar@ also represent key variables affecting GHG

generation and emission.

2.3.1 Manures
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Manures represent one of the most important ardiestuisubstrates for composting (Kebreab et al.,
2006). Manures are N-rich organic materials charg®d by high moisture contents that make them
to be considered as wet feedstock for compostirap@11993). The treatment of manures through
composting permits the reduction of volume and tnogs their sanitisation and organic matter
stabilisation, giving rise to a valuable end-pradinat can be safely used in agriculture. However,
manure characteristics favour GHG emission duriognmosting. The large amounts of easily
available N compounds enhance the microbial agtvitthe pile and can serve as substrates for the
nitrification and denitrification processes leadiogthe emission of M. Furthermore, high moisture
together with enhanced microbial activity at eastgges of the process can lead to the creation of
anaerobic spots for the formation of £H

A summary of the amounts of Gldnd NO generated during manure composting is shown in
Table 1. The amounts of Glemitted during composting are within 0.1 and &§3f CH;, per ton of
treated manure. This wide range may be affectethéyre-treatment of manure prior to composting
(manure storage can represent an important sofirCel) and also by the aeration system, windrow
vs. forced aeration (agitation favours £#issions) (Kebreab et al., 2006). The levels £ Bmitted
from manure composting piles varied from 0.046 a®1370 kg NO-N per ton of treated manure
depending on the composting system. Aerated gtdés usually increase the emissions gDONoy
preventing ammonia losses, which can be later seto nitrates generating@® The emission of
N.O-N from manure composting can represent up to ®8%e initial N. These experimental results
have been used by IPCC (2006) to propose defaigis@n factors are 4 kg GHon* and 0.3 kg BO
ton' (Table 1) from the biological treatment of orgamiastes (for different types of feedstock and

composting operations).

2.3.2 Municipal solid wastes (MSW)

Municipal solid wastes also represent a major soofcorganic wastes suitable for composting. This
group includes not only mixed MSW but also othetarials such as the organic fraction of the source
separated MSW, garden and yard wastes, food wasties This type of composting substrates is
characterised by lower organic matter, nitrogenmodsture content than manures. For this reason the
impact on GHG emissions is expected to be differginte lower amounts of organic C and N in the
feedstock would lead to reduced GHG emissions (Bretal., 2008; Buyuksténmez, 2012).

Amounts of CH emitted during MSW composting varied from 0.12to® kg CH per ton of
treated waste (Table 1). This large variability gaseous emissions reflects the impact of the
feedstock, the composting system and the efficiavfcthe composting facility on GHG emissions
(Colon et al., 2012). The levels of,™ emitted from MSW composting ranged from 0 to 0.48
N>O-N per ton of treated waste, which representsegagienerally lower than those registered from the

biological degradation of manure. In the case ofWWjSvhere most of the composting piles are
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operated with little amounts of water, the smalloant of CH generated in the pile is most likely
oxidised when it reaches the aerobic surface, densg CH emissions to be essentially zero from a

practical point of view, as far as life cycle assaents are concerned (US EPA, 2006).

2.3.3 Other organic wastes

Table 1 shows the CHand NO emissions for a range of organic wastes usedeedsfock for
composting. The impact of the different wastes dépend on their physical-chemical composition.
Organic wastes such as biosolids, characteriséddbyN and moisture contents are expected to have
a similar behaviour than manures, whereas othetewasich as cattle and hens mortalities or olive
mill wastes can have different behaviour dependimg their physical-chemical characteristics.
Sanchez-Monedero et al. (2010) studied GHG emisdiimm composting piles prepared with olive
mill wastes and different N sources and bulkingnagibserving that the peculiar characteristics of

these wastes, characterised by a low degradatieranal low N levels, reduced the emission of GHG.

3. Reduction of GHG emitted from composting

3.1 Best Practicesfor the minimization of GHG emissions

GHG emissions from composting can be minimizedughodiverse actions undertaken from different

points of view: the material to be composted amddtocess performance.

3.1.1 Feedstock and initial mixture

The effect of the compaosition of the mixture of veasto be composted is critical in the amount and
type of emissions derived from the process. Highstoge content and high bulk density has been
related to higher GHG emissions. An excess of watduces free air space (FAS) and creates
anaerobic sites where methane can be formed (TaamdaOsada, 2006). A correct level of FAS
ensures the proper aeration of the composting mmbtmth in forced and natural aerated systems and
prevents anaerobiosis (Ruggieri et al., 2009).

The biochemical composition of the material to beyposted also plays an important role on
gaseous emissions, especially the C/N ratio. Howyélre bioavailability of these nutrients deternsine
the carbon and nitrogen dynamics along the promedghe derived emissions (Cayuela et al., 2011).
Consequently, the C/N ratio assessment should $edlan the biodegradable content (Puyuelo et al.,
2011). Co-composting of complementary wastes taioka balanced initial mixture with a balanced
porosity and biodegradable C/N ratio should sigaifitly reduce the GHG emissions of the

subsequent composting process.
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3.1.2 Composting process

The composting process can be undertaken in diffenelustrial systems. A general classification is
made as open and closed systems. Contrary to gptans, closed systems present the collection of
the exhaust gases to a gas treatment system.

Closed systems include closed reactors such amomptdrums and composting tunnels but
also confined piles (with textile cover) or comjpingt piles inside closed buildings with a gas
management system. Plants with gas treatment sygpeesent much lower environmental impact
because process emissions are not released ttnthepdnere (Colén et al., 2012). Discussion on how
to treat GHG emissions is presented below. In $ieisse and according to published conclusions
(Colon et al. 2012), a first technical recommeratatd minimize GHG emissions would be to include
gas treatment systems wherever possible.

Another important process parameter to considprdsess temperature. Higher temperatures
enhance volatile compounds volatilization resuliim¢pigher gaseous emissions (Pagans et al., 2006b;
Cayuela et al., 2011).

Open systems as static piles, turned piles andeakevandrows at open air have been studied
to better understand gaseous emissions dynamiatedeto aeration strategies: airflow and pile
turning. Different authors have highlighted the ortance of airflow in gaseous emissions from
composting. It is considered that a high airflowreases oxygen availability, avoiding anaerobic
pockets and consequent methane formation, anceslilghseous emissions. On the negative side, a
high airflow strips gaseous compounds presentarcttimposting mass facilitating their volatilization
(Pagans et al., 2006a). Jiang et al. (2011) reghdintt an increase in the aeration rate reducedanet
emissions but increased Mlnd NO emissions. Pile turning enhances the compostingegs by
providing matrix homogenization (moisture and marganisms redistribution) and particle size
reduction. It also provides punctual oxygenatiothefsolid material and compaction correction. From
a biodegradation point of view, turning is recomuahethto enhance the process. However, pile turning
has been shown to have a negative effect on gaseoigsions, including GHG (Colén et al., 2012).
The turning itself releases the entrapped gasdsnnibe pile. Ahn et al. (2011) reported that £O
CH, and NO fluxes increased after turning due to greaterdijffission rates resulting from porosity
increased after turning. They recommend avoidig firning in the first stage of the process if the
oxygen concentration and temperature of the p#draan appropriate range. In a second stage, when
oxygen levels within the pile increase the formeethane is oxidized to GOThese authors suggest
considering a turning plan to minimize ¢Emissions and maximize Gldxidation within the pile.
Park et al. (2011) also reported higher emissiongiined systems than in aerated systems. When
considering methane and nitrous oxide as Equivalents, the non-aerated system provideditieh

process emissions, followed by the turned systeensystem aerated by natural convection and finally
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the forced aerated system, which presented thestopvecess emissions. However, as pointed by the
authors, when approaching the problem from an dvenpact assessment, the energy consumed to
aerate the pile contributes to total £@on-biogenic emissions. The operational activittes
contribute to GHG of composting process more tihendecomposition process itself (Lou and Nair,
2011).

LCA tools impute the impact of both process emissi@and emissions related to energy
consumption (operational activities, aeration, itmgnand mass displacement within the plant) to
assess the comparison of different waste managesgetegms. In this sense, turned pile composting
systems resulted in an overall higher impact thematad systems (confined aerated windrows and
tunnel) because of fuel consumption and turning timplies the above mentioned increase in gas

emissions (Colon et al., 2012; Kong et al., 2012).

3.1.3 Final recommendations to minimize GHG emissio

From the text above it can be stated that a ckitioant for the success of the composting procegis w
minimal gaseous emissions is the disposal of thienahin piles with a suitable size and porosiy t
favor homogeneous oxygen distribution. In non-aerasystems, this would enhance natural
convection. In aerated systems it is recommendeddjost forced aeration to ensure aerobic
conditions without providing air in excess. Hight #ows beyond oxygen needs can be justified to
avoid the emissions increase due to high tempestdio overcome these problems, new advanced
controllers have been proposed to base the aerafidhe oxygen uptake rate measured on-line
(Puyuelo et al., 2010).

Besides the physical structure of the matrix, theture to be composted should present
appropriate moisture content and a balanced biadagte C/N ratio.

Despite of whether the composting system is openlaged, the operational activities that
imply electricity or fuel consumption must be opted to reduce the overall environmental impact of
the process.

Finally, gas treatment (by biofiltration or othechnologies) is recommended when possible

as the final solution to minimize gaseous emissiortke atmosphere.

3.2 Treatment of GHG emissions

A variety of technologies are available nowadaystfeating emissions from composting processes.
Selection of the best available technologies depesdentially on the composition and gas flowmate t
be treated. Amongst such technologies, chemicabbang combining acidic plus caustic scrubbers
coupled to biological processes such as biofiléeesthe most common technologies installed in full-

scale facilities (Artola et al., 2009). However,rremt reactors design and operation focuses on

18



treatment of VOCs and ammonia as main pollutantdatioed in composting emissions while low
attention has been paid to GHG treatment. In argg,chiological systems still are the preferred
alternative from an economical and environmentahtpof view for GHG removal since the low

concentrations of GHG in composting emissions nmeksting physical-chemical technologies non-
viable from an economical point of view.

Acidic scrubbers preceding biofilters are instaltedreduce the large ammonia loads often
generated during composting. Otherwise, ammonia imfaipit AOB and/or NOB that, concurrently,
would hinder the performance of the biofilters (Gabet al., 2007). Caustic scrubbers are often
installed to remove acid gases such as hydrogdidesand to absorb highly soluble VOCs emitted
such as alcohols. Biofilters have demonstrateddikwvell as end-of-pipe systems to treat a varidty
odorant compounds found in off-gases from compgstirstems.

Design and operating conditions of chemical scrubléd biofilters do not provide suitable
conditions for the treatment of GHG. Dimensionlgas-liquid Henry coefficients for J0, NO, CH,
and CO of 1.7, 21.5, 29.2 and 43.1 (Sander, 19@8pectively, indicate that GHG are sparingly
soluble in water. Except for @, which can be considerate as moderately solubleater, large gas
contact times in the treatment system are requoexblubilise significant amounts of NO, ¢Hnd
CO which, consequently, leads to large reactor mekl and investment costs. In addition, the
relatively low concentrations of GHG in the gas ggharovide low driving force for GHG mass
transfer from the gas to the liquid/biofilm pha&éemical scrubbers generally operate at gas contact
times below 2-3 seconds and retain large amountsatér within the packed bed to facilitate the
absorption of soluble compounds (Gabriel and Destsjs2003). Instead, biofilters are generally
operated at gas contact times between 20 and 4hdwdor the treatment of composting off-gases
with low to no external supply of water to impros@rption of poorly soluble compounds (Gabriel et
al, 2007; Pagans et al., 2006). Altogether leadsetiuced elimination capacities of GHG in both
systems in conventional chemical scrubbers andltieist.

A short number of references exist about GHG treatncapacities in biofilters from
composting emissions, even if several referencest akout CH removal by biofiltration. The latter
has been addressed by several authors and shawnedfective technology for biofiltration of lantifi
biogas or gaseous emissions from the piggery ingibtikiema et al., 2007; Girard et al., 2012).
Moderate-to-large CHconcentrations of such gases are partly respenfiblsuch effectiveness and
treatment capacities. In composting facilities withiofilters, where much lower methane
concentrations are found, removal efficiencies lkeetw33 and 100% have been reported foy CH
(Boldrin et al., 2009).

In the case of PO emissions, Amlinger et al. (2008) reported thdditonal NNO may be
synthesized during the oxidation of BIFHAlIso, Maia et al. (2012) found a clear correlatlmetween
the NH; load and the PO production in a compost biofilter demonstratihgttNH, removal was a

trigger for NO production. Clemens and Cuhls (2003) studiedetiméssion of direct and indirect
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greenhouse gases in a MBT facility. They also fothrat biofilters had no net effect on ¢€End
approximately 26% of the Nfthat was removed in the biofilter was transforrred N,O when NH
was the exclusive nitrogen source due to nitrifienitrification.

Regarding NO emissions, Barnes et al. (1995) shdhatdemoval efficiencies up to 90% can
be achieved in a compost biofilter for NO concerdres of 500 ppmat a gas contact time of 60
seconds if an external carbon and energy source agded. Similarly, Yang et al. (2007) found that
NO concentrations in the range of 200 to 500 ppam be treated in aerobic and anoxic biofilterth wi
a strong influence of the ;(Qpercentage on NO removal. Even if hardly diffictdt implement in
composting facilities, anoxic conditions were raépdrto almost double NO removal compared to
aerobic biofilters.

It is interesting to notice that almost no studigsst concerning CO biofiltration. Prado et al
(2008) reported CO removal efficiencies higher tB&fwo for low (40 ppry) CO concentrations from
synthetic-resin producing industries in a biofiligperated at above 30 seconds gas contact time.
Further optimization showed that a maximum elimioratcapacity of 33 g CO thh™ could be
obtained with a mixture of lava rock and peat askjpey material with more than 85% removal
efficiency at gas contact times of 3 min or morggasting that biofiltration offers potential foreth
biological removal of CO from polluted gas stregdia et al., 2009).

Reported data on GHG removal in chemical scrublsensexistent. However, one can infer
from biofilters design, operating conditions andfpenance that GHG removal efficiencies in
chemical scrubbers are probably very close to rawstly due to the extremely reduced gas contact
time of the gas in the scrubber coupled to theaedwsolubility of most GHG.

Most of the research efforts on biological proceste GHG removal have been directed
towards the use of existing bioreactor configuraigbioscrubbers, biotrickling filters or biofilgr
while improving methane solubility using other smits different to water. As reviewed by Mufioz et
al. (2007), two-phase partitioning bioreactors (BBPprovide a hon-aqueous phase (e.g. hexadecane,
silicone oil) to an aqueous phase that containsmiweoorganisms responsible for degrading,CH
Larger CH mass transfer coefficients are encountered in BRfinpared to conventional biofilters.
Thus, improved solubilisation of hydrophobic compds and, concomitantly, GHelimination
capacities are found. Rocha-Rios et al. (2009)rteddncreases of 131% and 41% in the specific and
volumetric CH elimination capacity, respectively, in a biotrick] filter when silicone oil was added
compared to the elimination capacities withoutsitie oil addition. However, silicon oil is experesiv
and difficult to manipulate which may hinder itseuis full-scale systems. Alternatively, non-ionic
surfactants do not pose the abovementioned probéerdshave shown to improve Gldlimination
capacities in biofilters, even if some growth peshs may exist leading to decreased biomass
accumulation in the packed bed due to their detérgearacter (Ramirez et al., 2012). Similarly,icon
liquids have shown to largely improve non-methar@@©# absorption in biological reactors without

much toxicological issues (Quijano et al., 2010rrBeq et al., 2012). Such ionic liquids can be
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specifically designed based on the characterisfitse gaseous compound to be selectively separated
(Carvalho and Coutinho, 2011), which provides po&mpplication for improving Cllabsorption in
biofilters and biotrickling filters.

Overall, there are a number of opportunities toromp GHG removal by means of biological
reactors. While Clj CO and NO can be treated to a certain extenomventional biofilters already
installed in full-scale composting facilities,® has been shown to be generated rather than remove
in biofiltration systems. Thus, research effortewdtl be directed towards reducingONgeneration
during the composting process and improving biafiilon conditions to reduce its production. Also,
proper characterization of current biofiltrationss®ms installed in composting facilities in ternis o
GHG treatment capacities is necessary to gain fipdsiowledge. Finally, design and operating
conditions of end-of-pipe systems should not b dalsed on odours and ammonia removal but also

GHG loads should be taken into consideration.

4. Conclusions

GHG from composting are an important issue for aede and for improvement in real-scale
composting facilities. From this review, it is eeit that now GHG can be accounted, measured and
properly characterized. However, it is clear theg tisparities of emissions factors for the differe

GHG that can be found in scientific literature duve to several factors:

1. The diversity of wastes and technologies usedh@icbmposting of organic wastes.

2. There is wide margin to minimize the GHG emissidmsn composting, by changing or
updating the current facilities and by improvinge ttperformance of the treatment
technologies.

3. The beneficial uses of compost must be also inya®td, since it is not clear if the GHG
emitted during the process are compensated bgahipost utilization in the long term.

4. From a Life Cycle Assessment perspective, it issasary to have experimental data both on
the GHG emissions and the efficiency of the procésshave a fair evaluation of the

environmental impacts of composting.

Further research is necessary to solve these fiorisaand to provide reliable emissions factors for

composting processes and, in general, for any gicdbtechnology for waste treatment.
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Tables

Table 1. Summary of Chland NO emissions reported in the literature for différgmpologies of wastes and composting technologies.

Bulking agent
Manures
Swine cardboard windrow 0.1% of initial N - Kuendt al., 1996
Swine bedding (straw) static 9.8 % of initial N 12.6 % of initial OM Szanto et al., 2007
windrow 0.5 % of initial N 0.5 % of initial OM
Swine sawdust static 3.7-4.7 % of initial N 1.0-BPCH;, ton? Fukumoto et al., 2003
Swine sawdust static 3.0-9.3 % of initial N - Folato and Inubushi, 2009
Swine barley straw - 0.058 kg®-N tor* 0.19 kg CH-C tori* Sommer and Moller, 2000
Swine sawdust static 1.6ug m?s? 5.2ug m?s® Park et al., 2011
windrow 7.9pug m?s?t 7.5ug m?s?
Cattle bedding (straw) static 0.11 kg NO-N ton* 6.3 kg CH-C ton' Hao et al., 2001
windrow 0.19 kg NO-N ton* 8.1 kg CH-C ton'
Cattle bedding (straw) windrow 0.077 kg MO-N tori* 8.92 kg CH-C ton* Hao et al., 2004
bedding (wood chips) 0.084 kg NO-N tori* 8.93 kg CH-C tori*
Cattle (dairy) house wrap static 0.370 kg®+N tori* 1.14 kg CH-C tori* Pattey et al., 2005
Cattle (beef) 0.103 kg NO-N tori* 0.11 kg CH-C ton*
Cattle (dairy) bedding (straw) static 0.046 kg NO-N tori* -- El Kader et al., 2007
bedding (straw) windrow 0.070 kg NO-N tori* -
Turkey wood shaving & static 0.091 kg NO-N tori* --
straw
Cattle and horse bedding (hay) windrow 0.32 kg,®-N tori* - Czepiel et al., 1996
(50:50)
Cattle (dairy) bedding windrow 0.90 g® m?d™ 13.5gCHm?d™ Leytem et al., 2011
MSW
Food waste biochip static 1.36 kg¥N ton* - He et al.,, 2001
MSW - static 0-0.24 kg P0-N tori*  4.5-9 kg CH-C tori* Clemens and Cuhls, 2003
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Separated organic
household waste

static 0.02-0.11 kg NO-N tori* 0.04-0.8 kg CH-C toni*

windrow

Amlinger et al., 2008

Organic fraction wood chips or pruning in vessel 0.048 kg NO-N tori* 0.26 kg CH-C ton* Col6n et al., 2012
source-separated  wastes confined windrow 0.048 kg NO-N tor* 1.26 kg CH-C ton*
MSW turned windrow  0.160 kg NO-N ton* 3.28 kg CH-C ton*
home composting 0.430 kg NO-N tori* 0.12 kg CH-C ton*
Source-separated  yard waste windrow 261 mg,®-N m?’d* 35gCHm?d™ Beck-Friis et al., 2000
MSW
Other wastes
Cattle mortalities barley straw windrow 0.97 % of initial N 0.55 % of initial C Hao et al., 2009

Animal meals
Biosolids

Grass

Hens mortalities

Garden waste
Olive mill waste

cattle manure & barley windrow 0.85 % of initial N 0.13% of initial C

straw

straw & cotton windrow 0.07-0.11 %imfial N --

wood ash static 0.32 kg®¥N toni* --

soil static 0.054 kg@-N tori’ 5 kg CH-C ton'

- windrow 0.1003-0.004 kgQ¥N  52-120 kg CHton*

ton

- windrow 0.05 kg®N ton* 1.9 kg CH-C tori*

diverse manures &  windrow 0.01-3.36 g N-pD mi?d™ 1 - 147 g CH-C m?d™*

olive pruning

Cayuela et al., 2012
Czepiel et al., 1996
Hellbrand, 1998
Dong et al., 2011

Andersen et al., 2010a
Sanchez-Monedero et al., 2010

Default emissions factors for Gldnd NO emissions from waste composting from IPCC 2006

On a dry basis

On a wet basis

0.6 g (0.2-1.6) BO per
kg waste treated

10 g (0.08-20) Ckiper
kg waste treated

0.3 g (0.06-0.6) BD per 4 g (0.03-8) CH per kg

kg waste treated waste treated

IPCC, 2006
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