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ABSTRACT

This paper analyses six strategies for managing the MSW generated in Asturias (Spain)
in terms of their environmental impacts applying the Life Cycle Analysis methodology.
To this end, the effect of these strategies on Human Health, Ecosystem Quality, Global
Warming and Resource Depletion is studied. The analysed management options include
direct landfill with recovery of biogas (S-0), direct incineration with energy recovery
(S-1), biomethanization of the source-separated organic fraction with direct incineration
of the mixed fraction (S-2), biomethanization of the source-separated organic fraction,
sorting of the mixed fraction and incineration of the rg ected fraction (S-3),
biomethanization of the source-separated organic fraction, sorting of the mixed fraction
and incineration of the rejected fraction following aerobic stabilization of the organic
fraction (S-4 ) and biomethanization of the source-separated organic fraction, sorting of
the mixed fraction and landfill of the rejected following aerobic stabilization of the
organic fraction (S-5). The Consortium for Waste Management (COGERSA) provide
data regarding on transport and collection of waste and consumption of energy, water,
oil and reagents at each processes. The results obtained suggest that Scenario S-3 has
the least impact on the analysed damage categories while the scenarios including
landfilling produces the greatest impact in al the categories analysed. Regarding
involved processes in studied scenarios, the transport produces a significant impact in
the environment, biomethanization contributes to reducing the impact in al the damage
categories and incineration adversely affects the categories of Human Health and
Climate Change, but helps to reduce damage in the Resources category.
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ABSTRACT

This paper analyses six strategies for managinitBe/ generated in Asturias (Spain)
in terms of their environmental impacts applying thife Cycle Analysis methodology.
To this end, the effect of different scenarios amrfdamage categories is studied,
namely Human Health, Ecosystem Quality, Global Waghand Resource Depletion.
The studied management options include direct Ikrdth recovery of biogas (S-0),
direct incineration with energy recovery (S-1),rhethanization of the source-separated
organic fraction with direct incineration of thexad fraction (S-2), biomethanization of
the source-separated organic fraction, sortinp@imixed fraction and incineration of
the rejected fraction (S-3), biomethanization & slource-separated organic fraction,
sorting of the mixed fraction and incineration lo¢ trejected fraction following aerobic
stabilization of the organic fraction (S-4 ) andrbiethanization of the source-separated
organic fraction, sorting of the mixed fraction daddfill of the rejected following
aerobic stabilization of the organic fraction (S-Bl)e Consortium for Waste
Management (COGERSA) provided data on the trangpavaste, amounts of waste
collected and distances travelled during collectamwell as data on consumptions
(energy, water, oil and reagents) at each procesbesesults obtained suggest that
Scenario S-3 has the least impact on the analya®age categories while the scenarios
including landfilling (S-0 and S-5) produces theafest impact in all the categories
analysed. Regarding involved processes in studiedasios, the transport produces a
significant impact in the environment. In contrdsgmethanization contributes to
reducing the impact in all the damage categories@arineration adversely affects the
categories of Human Health and Climate Changehélpts to reduce damage in the
Resources category.

Key words: Municipal Waste Management (MWM), Climate Changeséurces,
Human Health.



1. Introduction

The management of municipal solid waste (MSW) isently one of the most serious
and controversial issues faced by the local annegauthorities of a country. The
member countries of the European Union (EU) araired to propose waste
management systems that comply with the hierar€loptons, based on the following
order of priority: prevention (in waste generatigoeparing for reuse, recycling, other
types of recovery (including energy) and, finatlye disposal of waste (Directive
2008/98/EC of the European Parliament and of then€ibof 19" November 2008, on
Waste). Moreover, sending biodegradable organi¢emet landfill must be phased out
gradually, in line with the targets set out in Riree 1999/31/EC of the Council of %6
April, on the Landfill of Waste.

Despite important technological advances, imprdegalation and regulatory systems
in the field of waste management in addition to enswphisticated health surveillance,
public acceptance of the location of new wasteasiapand treatments facilities is still
very low due to concern about adverse effects erettvironment and human health.
Health issues are associated with every step didhdling, treatment and disposal of
waste, both directly (via recovery and recyclingtirer activities in the waste
management industry, via exposure to hazardousandes in the waste or to emissions
from incinerators and landfill sites, vermin, odeand noise) or indirectly (for

example, via the ingestion of contaminated watah,and food) (Giusti, 2009).

Within this context, the application of Life Cyddessessment (LCA) to sustainable
municipal solid waste management has rapidly expader the last few years as a
tool capable of capturing and addressing the coxit@e and interdependencies which
typically characterise modern integrated waste meament systems (Blengini et al.,
2012). In fact, numerous studies have been pulglisheecent years in which this tool
is applied in the environmental assessment ofréiffescenarios of municipal waste
management in different countries, such as ItakgA et al., 2003; Cherubini et al.,
2009; Blengini et al., 2012), Spain (Guereka et2406; Bovea and Powell, 2006;
Montejo et al., 2013), Lithuania (Miite and Staniskis, 2009), Brazil (Mendes et al.,
2004), Canada (Assamoi and Lawryshyn, 2012), theedistates (Vergara et al.,
2011), China (Han et al., 2010; Song et al., 20i@onesia (Gunamantha and Sarto,
2012) and Australia (Lundie and Peters, 2005).

Cherubini et al. (2009) apply this tool to assess fvaste management options in
Rome, including: landfilling with and without biog@xploitation, sorting plant to
produce electricity via refused derived fuel analgais via anaerobic digestion and



finally waste incineration. Results show landfilseems as the worst waste
management options, while sorting plant coupledh wiectricity and biogas production
is very likely to be the best option for waste ngeraent.

Guereka et al. (2006), in the case of biowaste gemant in Barcelona (Spain), find
that as a result of producing electricity, biogesdoiction and incineration are the
processes that most contribute to reducing impact.

Montejo et al. (2013) analyze different mechanimalogical treatment (MBT) plants in
Castile and Ledn (Spain). Their results showedkabrmance is strongly linked to
energy and materials recovery efficiency. To imgrtve environmental performance of
these plants, these authors proposed optimizingriak recovery through increased
automation of the selection process and priorigjdiogas-electricity production from
the organic fraction over direct composting.

Vergara et al. (2011) studied waste managemenaiifo@ia, concluding that biogenic
waste management through anaerobic digestion hatipse the emission of
greenhouse gases. The magnitude of the benefiendsstrongly on a number of
model assumptions: the type of electricity disptbbg waste-derived energy, how
biogenic carbon is counted as a contributor to apheric carbon stocks, and the
landfill gas collection rate.

LCA was applied to assess the environmental profildifferent solid waste
management options for MSW generated in Asturiasgean on the northern coast of
Spain, with one million inhabitants. The compasitof the MSW generated in the
region of Asturias has changed over time, botkeims of volume and composition, on
account of population growth and the consequemgdsin lifestyle, leading
unremittingly towards an unsustainable managemestés. According to recent
confirmed data for 2011, 390.4 kg MSW/capita wezregated in Asturias, below the
EU average (503 kg/capita for the EU-27) and then&h average (531 kg/capita).
Currently, landfill is the main destination of mikbousehold waste in Spain, at 63.1%,
presently being the only management option in Aasuior mixed household waste.
More than 20 years have passed since the firditi@&iwere commissioned in 1985 and
landfilling commenced at the central landfill. Tsterage capacity of the existing
landfill will accordingly reach its limit within th following years, with the mandatory
need to redefine the future model for operatingféledities. Therefore, there is a need
for evaluating different alternatives for the wastanagement in this region.

The aim of this paper is to help local decision-erako design integrated waste
management solutions that are optimal from therenmental point of view.

2. Materialsand methods



2.1. Casestudio area

Asturias is a region on the northern coast of Spatin a population of around
1,100,000 and a surface area of 10,508. Rthe majority of the MSW (mixed waste or
‘black bag’ waste, approximately 480,000 t/yeartyeésmted at a centralized plant
managed by the Consortium for Waste Managemenn{§pacronym, COGERSA). A
selective collection system is used for glass, papelboard and packaging waste
(recovering around 80,000 t/year). The mixed wasltandfilled with energy recovery,
up to 80% of the produced biogas being recoverddiard to generate electricity. The
composition and properties of the household wastegated in Asturias are shown in
Table 1. The landfill has been in operation sirereudry 1986 and occupies a surface
area of approximately 250 hectares. The capacitgisfandfill will foreseeably be
exhausted by 2015.

2.2. Description of the scenarios and principal treatment processes

2.2.1. Waste management scenarios

Six scenarios were chosen, each of which consigisombination of different options
for treating household waste. In addition to theent scenario, five other options for
the management of household waste generated imidstre proposed which could be
implemented in the region once the capacity ofetkisting landfill has been exhausted.
The proposed scenarios are based on the EU higrafcptions for waste management
and aim to meet the targets set out in Europeariatgns to reduce the amount of
biodegradable organic matter sent to landfill (Dirnee 1999/31/EC) and to promote
separate collection of waste (Directive 2008/98/EC)

Current scenario (S-0)

This scenario describes the current managemerdusdhnold waste in Asturias,
according to which the final destination of wastdaindfill with energy recovery
(biogas) and treatment of leachate. Waste colledtigerformed in an entirely non-
selective way.

Scenario 1 (S-1)

This option describes a management model baseueatnoval of the mixed waste
fraction via incineration, without any pre-treatrhehfs in scenario S-0, waste collection
is performed in an entirely non-selective way arast® is transported as in the previous
scenario.

Scenario 2 (S-2)



The management system that this scenario represamitsines incineration with
anaerobic digestion.

Scenario 3 (S-3)

This scenario is similar to scenario S-2, the déifee being that the mixed waste
fraction is subjected to a separation process ichwtecoverable materials are
recovered prior to treatment via incineration.

Scenario 4 (S-4)

The management system that this scenario reprasesitsilar to scenario S-3, but with
the difference that the stream which is not recedén the sorting of the mixed waste
fraction is subjected to a process of aerobic ktalion in order to reduce its volume
before being disposed of via incineration.

Scenario 5 (S5)

Finally, a scenario has been defined similar tq Bu# in which the waste is finally sent
to landfill, rather than incineration. As in scenas-4, the waste reaching landfill has
previously undergone a sorting process and aestaéislization. Biomethanization of
the source separated organic fraction is also eiaied, as in scenarios S-2, S-3 and S-
4,

Figures 1 to 4 show the flowcharts of each of tteppsed management scenarios.

2.2.2. Waste treatment processes

= Transportation
Two systems of transportation are defined: ondHerseparately collected organic
fraction and another for the mixed waste fractmarried out directly or via transfer
stations. The work of collection is considereditish when the haulage vehicles used
for this function return to the place they initjatleparted from to carry out this work.
Twenty-one tonne payload trucks were used to teairiBE source separated organic
fraction (SSO), while a differentiation was madetfee transport of the mixed waste
fraction between 21 tonne payload trucks whenrdogsport is carried out directly, and
40 tonne payload trucks when it is carried outtkaasfer stations.

= Mixed waste sorting plant
The considered sorting plant has manual and mechlaseparation and is equipped
with a trommel and magnetic and ballistic separatArrecovery rate of 7% with
respect to the waste entering the plant was coregsid@he recovered materials are:
paper/cardboard (29.54% recovery with respectdaehovered fraction), HDPE
(8.73%), PET (10.68%), ferrous metals (29.30%)mahium (7.45%) and composite



packaging (14.30%). The plant has a biofilter feating the waste gases generated
during the sorting process.

= Plant for producing biogas from organic waste
Following a prior sorting process, approximately®6f the organic waste entering the
plant is treated in an anaerobic digestion proeE¥¥, of which then goes on to become
compost after undergoing a process of aerobic raidur.
In the prior sorting process, 0.95% of the materaak considered recoverable (the same
materials and recovery percentages are considetbe icase of the mixed waste
sorting facility), in addition to a rejected framti of 14.75%, mostly made up of chunks
of wood (FEDEMCO, 2005).
The biogas generated in the process is burnedmbgstion engines and transformed
into electrical energy. A composting process foe tHigestate obtained in the

biomethanization process is also included, aimecsbldagining quality compost for
subsequent sale.

Finally, the gases emitted from the plant are @&ty means of a biofilter and washing
with sulphuric acid. Furthermore, the generated cHate is appropriately
decontaminated.

= Sabilization Plant

Waste with a high organic load requiring treatnreaches the stabilization plant from
the sorting of the mixed waste fraction. The stabilon process basically comprises
aeration of this organic matter. Homogenizatiothefwaste is performed by
mechanical shovels or drum mixers. Pollutant gassons and leachates are treated
for decontamination.

According to data provided by the management com@ifPb6 of the waste entering the
stabilization process is considered losses duattaiament of leachate and treatment of
the gas that is generated.

= |ncineration Plant
The different MSW fractions reaching the incinesatplant are subjected to a
combustion process in a furnace. Combustion engireessed to transform the flue
gases into electrical energy. The residual bottsmfeom this process (39.24% of the
waste for incineration) is taken to a recovery plahich recycles approximately
33.65% of this residue. Its use as a replacemanpoaent in aggregates employed in
the construction of road surfaces has been corsldes a possible application of this
waste. The gases emitted by the process receitablkuireatment based on a process of



dry adsorption with lime, adsorption with activatatbon, selective non-catalytic
reduction and baghouse filtration. The leachateeggad in the process of recovering
the bottom ash also undergoes physical-chemicatinent.

= Landfill
Household waste is landfilled with energy recovdilye leachate treatment consists of a
pressurized nitrification-denitrification procesdléwed by ultrafiltration to separate the
sludge. After that, treated leachates were seadrtastewater treatment plant.
Transportation of the leachate to this plant ad aglnternal transportation within the
COGERSA facilities of leachate collected at thedfdhto the in-house treatment plant,
were likewise taken into consideration.

2.3. LCA methodology

The LCA methodology was used to quantify and complae potential environmental
impacts of the different municipal waste managemseaharios. This study was based
on ISO 14040 standards (ISO, 2006 a and b).

2.3.1. Objective

The LCA study was performed to analyse the enviremtad impacts of different MSW
management strategies that may be implementedturiAs. The results may provide a
basis for making decisions about the future managewt MSW in Asturias, given the
imminent closure of the existing landfill, whose\see life is to come to an end in
2015.

2.3.2. System boundaries
The relevant processes are included within the darynof the MSW management
system, as shown in Figure 5.

The following processes fall outside the scopetudy

= Everything relating to the management of the malefound in the MSW
(packaging, paper/cardboard and glass) which Isaeld separately.

» The potential impact of the disposal of unrecovdhgdsh and bottom ash from
incineration in a hazardous waste landfill afteingesubjected to a recovery
process. The reason for this is that the rejectertibn thus obtained represents



a very small percentage by weight compared todte# &mount of managed
waste, taken as the reference value in the study.

Hazardous municipal wastes have not been conside@alise all such waste is
collected selectively and independently from nomandous waste and treated by means
of specific processes due to representing a patdrmzard to human health and the
environment. Bulky municipal waste, comprising eldctrical appliances and furniture,
is not included either as it involves a differeallection system to that of the study.

2.3.3. Functional unit
The functional unit of this LCA is the managemewtioa period of one year of 480,000
tons of MSW generated in Asturias.

2.3.4. Software and data quality

SimaPro software version 7.1.8 was used to carryh@uLCA along with its associated
database (Professional). COGERSA provided dataetransportation of waste,
amounts of waste collected and distances travdlleithg collection, as well as data on
consumptions (energy, water, oil and reagentsaett &eatment plant: sorting,
biomethanization, stabilization, bottom ash recgyair pollution treatments, leachate
treatment, incineration and landfill.

The Ecoinvent v2.0 (2007) database was used tanaibi& environmental loads
associated with the materials, transport and enemgyloyed in the study. The Spanish
energetic mix has been updated (Table 2).

Data on emission of pollutants in sorting, biogesdpction, stabilization and
incineration plants were obtained from Referenceudments on Best Available
Techniques (BREFs) for Waste Treatment Industmesfar Waste Incineration.

2.4. Lifecycleinventory (LCI)

A specific inventory was created for each one efdbnsidered scenarios. The
inventory data used for each of the processesvedah the different scenarios are
described below.

2.4.1. Transportation
To create the inventory corresponding to the trartation step, the total distance
travelled by the collection trucks and the tonmaagported were taken into account



over a period of one year. These data were usealtalate the average distance
travelled per tonne of waste during the transpiomnagtep for each of the transport
systems considered in the study (Table 3).

2.4.2. Mixed waste sorting plant

The electricity, fuel, water and reagent consunmgtifor the mixed waste sorting plant,
shown in Table 4, were provided by the companyhizrge of the Waste Treatment
Centre (COGERSA).

2.4.3. Plant for producing biogas from organic waste

The biogas plant consumes electricity, gasoil, watel chemicals (Table 4). As regards
the consumption of reagents, the following are upetyelectrolyte for dehydrating the
digestate, sulphuric acid as the absorbent in élsergatment plant, methanol in the
treatment of leachate and lime for neutralization.

The pollutant emissions data were obtained fromBIREF Document on Waste
Treatment Industries (IPPC, 2006a), from whichetmssions given in Table 5 were
estimated.

Furthermore, a biogas production of 109.5was considered (COGERSA), generating
an energy recovery of 229.6 kwWh per tonne of wastering the digester (assuming
that 60% of the biogas is composed of,@¥th a PCI of 8600 kcal/CH,, and a 35%
electricity yield). Energy recovery only in the forof electricity was considered as
there are no industries or towns close to the Idikdat could use the generated heat.

2.4.4. Sabilization Plant

The aerobic stabilization plant consumes elecyigasoil, water and chemicals (Table
4). The consumption in gasoil is due to the moim&echinery used to move the waste
(loader, forklifts and truck for transporting thegected fraction), while the reagents are
consumed in treating the gases (absorption by aulphcid) and leachate (nitrification-
denitrification with methanol).

Data on pollutant emissions were obtained fromRbB&rence Document on Best
Available Techniques for Waste Treatment Indust(ie®C, 2006a), on the basis of
which the subsequent substances and emissionomsalered (Table 6).

2.4.5. Incineration Plant

The consumptions at the incineration plant arerginelable 4. A value of 5515.25
Nm? of generated combustion gas per tonne of wasterisidered, in accordance with
the BREF Document on Waste Incineration (IPPC, Bpaeurthermore, the electricity
produced amounts to 550 kWh per tonne of wastajue\obtained by considering a



PCI of 2070 kcal/kg waste sent to incinerationtl@ production, 480 kWh are
exported to the grid and 70 kWh are used in-hotifigeancineration plant.

The data on gas emissions (emission limits have tadesn into account) and final
waste streams were obtained from Annex V of DivecB000/76/EC on the
Incineration of Waste, except in the case of CO@@g for which only anthropogenic
emissions from the fossil C contained in the wasdstic were taken into consideration.

As regards bottom ash recovery, the percentageedes of materials vary depending
on whether the mixed waste fraction is sorted {(s@ytor not before being sent to the
incineration plant (Table 7).

Finally, the reference values adopted in the BRIBEUMent on Waste Incineration
(IPPC, 2006b) are taken into account to calculaeproduction of fly ash entrained in
the flue gas. This document establishes a val@2 a5 kg fly ash/t incinerated waste
after applying the chosen dry process gas treasnent

2.4.6. Landfill

Electricity, water and oil consumptions are showiTable 4. A leachate generation rate
of 0.44 nf leachate/t waste deposited in landfill and a 1@@§ture yield was
considered when defining this process. Furtherntbeeyse of 0.25 t covering

material/t deposited waste was also considered, &Qtos material being clay and the
other 50% bottom ash recovered in the incinergtimcess.

Other data needed to create the LCI for this pmees those relating to generated air
emissions and energy recovery as a result of bicgatsire and recovery. The emissions
were obtained from the European Pollutant ReleadeTaansfer Register (E-PRTR)
Report presented by COGERSA for the year 2009, winicludes emission factors for
all the substances produced by combustion engses o generate electricity or
torches. As regards energy recovery, it is assuhm®87 and 259 Nfof biogas can

be collected for every tonne of MSW deposited endhrrent landfill or stabilized waste
landfill, respectively. Considering an 82% captyiedd (18% is emitted to the
atmosphere) and a 35% electricity yield (COGERSHN®, it is hence possible to
recover about 1.5 kwWh/Nhilared biogas.

When considering landfilling in waste managemensg necessary to consider the post-
closure phase, as leachate which must be treatediagas which must be collected
will still continue to be produced during this peti This study employs the approach



that estimates a biogas emissions and leachatehtineon of 30 years for sanitary
landfill during the post-closure phase (Mc Dougalél., 2001). The values of
harnessed biogas and consumptions at the leacbatmént plant will thus increase,
given that biogas capture will be 100% for thetfiryears after closure, 50% the
following 5 years, and 10% in the last 20 yearsjeMleachate generation is estimated
at 100% during the first 10 years after closuré&o@e following 10 years, and 30% in
the last 10 years.

Finally, the haulage of treated leachate in 21 ¢gpawyload trucks to a wastewater
treatment plant located at an average distanc® &h2has also been taken into
account, while internal transportation within th@ GERSA facilities of leachate
collected at the landfill to the in-house treatmgiant, at an average distance of 5 km
for the stabilized waste landfill, was likewise @akinto consideration.

2.3.6. Life cycle impact assessment

The life cycle impact assessment based on thetsesuithe inventory was performed
using the Impact 2002+ method (Jolliet et al., J0TBis impact assessment method is
a combination of four methods: IMPACT 2002 (Pentanget al. 2005), Eco-indicator
99 (Goedkoop and Spriensma. 2001), CML (Guinéele@02) and IPCC. The
approach defines 15 mid-point categories (Table 8).

These mid-point categories are structured into fdamage categories (Jolliet et al.,
2003): Human Health (including mid-point scores &@rcinogens, non-carcinogens,
respiratory inorganics, ionizing radiation, ozoreydr depletion, and respiratory
organics), Ecosystem Quality (including mid-poirdores for aquatic ecotoxicity,
terrestrial ecotoxicity, terrestrial acidificationtfification, and land occupation),
Climate Change (only including the mid-point scdi@sglobal warming) and Resource
Depletion (including mid-point scores for non-remdle energy and mineral
extraction).

3. Results and discussion

Figure 6 shows the results obtained in the damagesament of the six considered
scenarios. The scenarios which include the optidaralfill as the final waste treatment
are those which present the worse results in allagge categories. Scenario S-0 is the
one that contributes most in the Human Health dancategory, with a value of
1.04x10° DALY/t waste. In contrast, S-3 is the one thattcdbutes least to this
category, presenting a value of 6.94XIDALY/t waste.



All scenarios except for S-0 and S-5 help reduedartipact in the Ecosystem Quality
damage category. As regards Climate Change, albsios have an impact, S-0 having
the most impact (4.63x3&g CO eq/t waste) and S-3 contributing the least to this
impact category (31.9 kg G@q/t waste). Finally, in the Resources damagejoaye

all scenarios that do not include landfill as timaff waste treatment are observed to help
reduce the impact in this damage category, whdesttenarios that do include landfill
(S-0 and S-5) are seen to have a substantial impasenting values of 30,343.6 and

12,816.5 MJ/t waste, despite involving an energgvery process.

Figure 7 presents the results of damage normalizalihe idea of normalization is to
analyse the respective share of each impact tootleall damage by applying
normalization factors to damage impact classesdercto facilitate interpretation. To
carry out this process, the IMPACT 2002+ methodizets the emission values of
Western Europe as reference values.

In view of the results, it may be concluded that tontribution of the studied scenarios
to the Ecosystem Quality damage category is négigithe most affected categories
being Climate Change, Resource Consumption and Hitealth. These categories are
accordingly analysed below in greater detalil.

3.1. Human Health

As already stated, scenario S-0 contributes thet miasiage in this category, with a
value of 1.04x18 DALY/t waste (1.45x10 DALY/t dry waste). This result contrasts
with that obtained by Hong et al. (2010). Theséhard, who also applied the Impact
2002+ method to a similar scenario to that analysealr study, obtained a value of -
1.88x10° DALY/t dry waste. However, their study did not sigter the transport of
waste to the treatment centre, the compositioh@itaste is very different (with 61.4%
food waste compared to 38.1% in our study), theggneonsumption associated with
landfill is lower than in our study (0.17 vs. 3.88/h/t waste) and the considered energy
recoveries are higher (45.6 versus 9.44 kWh/t Waste

An impact of 1.12x10 DALY/t waste is obtained for scenario S-1, based o
incineration as the only waste management systdorselli et al. (2008) assess the
environmental impact of waste incineration in asagf northern Italy, obtaining an

impact on human health of 8.29%1 DALY/t waste. However, their study did not take



into account transportation of waste to the in@tien plant or a recovery process for
botton ash, although it did consider the constaunctf the incineration plant.
Furthermore, the impact assessment method emphyy#dtese authors was Eco-
Indicator 99, which includes climate change witthia category of damage to human
health.

When individually analysing the impact categorieattmake up this damage category
(Figure 8), it can be seen that the impact is ngathle to the effect of respiratory
inorganics (RI). According to the Impact 2002+ noeththe following substances are
taken into consideration to evaluate the impacegaty of respiratory inorganics:
carbon monoxide, ammonia, nitrogen oxides, sulgixioies, sedimentary particles and
particulate matter of below 10 and 2.5 micronsize.s

On analysing each of the processes involved in saathied scenario in detail (Figure 9,
Table 9), it can be seen that the processes thmtilmate the most to increasing the
impact in the Respiratory Inorganics category anerdfore on Human Health are
transportation, incineration, stabilization andatmuch greater extent, landfill, whereas
sorting and, to a lesser extent, biomethanizatmniribute to avoiding this impact.

Transportation processes mainly contribute to tlamage via emissions of particles
and nitrogen oxides, the effect being greater oms¢hscenarios that include selective
collection of the organic fraction. The effect atineration in this impact category is
associated not only with direct emissions resultirm the process, but also with
indirect emissions, such as those associated Wweéhptocesses of manufacturing the
reagents consumed in the processes used to traauston gases. Studies by Morselli
et al. (2008) also show that the Respiratory Inoicg category is one of the most
affected by the incineration process.

The sorting and stabilization processes are sebelporeduce the effect of incineration
in this impact category, as materials which woulctéase emissions associated with the
incineration process in terms of both quantity drakards (such as plastic and/or
organic matter) are separated or removed by mekatisese processes. For example,
scenario S-1, which includes no process prior wneration, obtains a maximum
impact of 0.0785 kg PM2.5 eq/t waste, while scen&i4, which involves sorting
(triage) and waste stabilization prior to incineyat does not exceed a level of impact
of 0.0552 kg PM2.5 eq/t waste.



Landfill is one of the most important contributols this category, although the
contributions associated with energy recovery frandfill gas afford substantial
benefits. The impact is related to losses in predumogas which is not collected, these
losses generating the most important contributimnshe formation of acid-forming
compounds (Bovea and Powell, 2006).

As regards the stabilization process, the obseivgact is related to direct emissions
from the process.

Among the processes that avoid impact, the sortihgnixed waste, via material
recovery and the replacement of virgin raw matsrthht it provides (Morris, 2005;
Banar et al. 2009), helps to reduce the impacthis tategory. Despite the benefits
deriving from materials and energy recovery, biogasduction has no significant
impact compared to the impacts produced in othecgsses, as the amount of waste
being treated in this way is a very small fractodrthe total.

3.2. Climate Change

As already stated, S-0 is the worst scenario withreact of 4.63x1bkg CO eq/t
treated waste. This value is relatively high coredao similar studies conducted by
other authors. For example, Mile and Staniskis (2010) analysed the landfill apfar
the waste generated in the region of Alytus (Lithag a total of 45,150 t/year,
obtaining a value of 51,230 t of G@q (1,135 kg C®eq/t waste) for this impact
category; Mendes et al. (2004) obtained a valuw@ind 900 kg C&eq/t waste for

this impact category when analysing the landfilhaiste generated in the city of Sao
Paulo in Brazil; while Gunamantha and Sarto (2@##2ained a value of 188 kg GO
eg/t waste for a similarly defined scenario foethcities in the region of Yogyakarta in
Indonesia. The high value obtained in our study begue to the fact that the energy
recovery considered in our case only refers totietdty generation, without taking into
consideration the production of heat, which cousdw de obtained, given that this
possibility is not currently available at the maewwgnt centre’s facilities. Moreover, the
landfill under study generates a large amountathate, which requires high
consumptions in its treatment plant. In contrdst,4cenario with the least effect on this
impact category is S-3 with only 31.9 kg £€y/t waste.

A detailed analysis of the contribution of eachiha processes involved in each
scenario to this impact category (Figure 10, Talfleshows that transportation,
landfill, incineration and stabilization adversaelffect this impact category, while the
sorting of the mixed waste fraction and biogas potién help reduce the impact.



In line with the results reported by Morris (20@B)d Bovea and Powell (2006), the
processes of transportation, landfill and incineratare the main contributors to the
emission of greenhouse gases (GHG), mainly &t CH. As regards transportation,
this has a lower contribution in scenarios S-0 &rd(48.1 kg C@eq/t waste), in

which there is no source separation of the orgailies contribution of transportation is
slightly higher for the other scenarios (51.4 kg-@@'t waste).

The savings in GHG in incineration (due to the ctaun in the emission of the fossil
carbon in the plastic) increase when a sortinggseds carried out prior to incineration,
obtaining impacts of 3.5 kg G@q /t waste for scenario S-3 (with prior sortingjsus
approximately 81.2 kg C£&qg/t waste for S-1, in which there is no kind aftisg is
carried out.

Although a significant impact might be expectedhe aerobic stabilization of waste
process, it is not so large. This is because biode®, emissions are not considered as
losses, thus reducing the effect of this procesis r@spect to the others. The impact
associated with this process is 12.2 kg EQt waste, mainly due to energy
consumption during aeration and@®and CH emissions during the process.

Landfill in scenarios S-0 and S-5 is the most uataably valued waste treatment
option due to the significant GHG emissions gemelgprimarily resulting from landfill
gas losses, obtaining maximum damages of 4,586l 71 884.8 kg C@eqg/t waste,
respectively, in this process alone.

The processes of material recovery and biomethanizaf the SSO help reduce the
impact in this category, although their repercussiare almost negligible compared to
the damage caused by the other processes in thaldwehaviour of the scenarios.
From the point of view of Climate Change, insufici energy is recovered in the
incineration process to cause more favourable cuesees for the environment.

3.3. Resour ce Depletion

On analysing the contributions of the differentqasses that make up each scenario to
this impact category (Figure 11, Table 11), lahidfi, transportation and stabilization
are seen to be the processes which adversely #ffeaategory. Transportation is the
largest consumer of fossil fuels because of theofigéesel. As in previous cases, those
scenarios in which the distance waste is transpastgreater (scenarios S-2, S-3, S-4
and S-5) have slightly higher impacts (780.5 MHstg) from the rest (732.0 MJ/t



waste). The value obtained by the stabilizatiorcess for this impact category is 204.6
MJ/t waste in scenarios S-4 and S-5, basicallytddlbe consumption of reagents used
to treat the gases and leachate produced duringrtioess.

Incineration, sorting of the mixed waste and bidmaization help reduce the impact on
this category, but not all the processes avoid ihé same extent. As a result of the
recovery of energy, metals (ferrous and non-fefyans bottom ash (material that can
be recovered as an aggregate or filler componieciperation is the most favourable
process with respect to this reduction. From tloisof view, the separation of
materials prior to the incineration process isaatducive to reducing the impact of the
process. For example, the savings in scenarioifsvihich no prior sorting is carried
out, are -2,801.1 primary MJ/t waste, while in Sadywhich prior sorting is performed,
the savings are -1,880.3 primary MJ/t waste.

In the study carried out by Morselli et al. (2008 authors concluded that the savings
in resource consumption that the incineration pgeg@esents are due to the energy
recovery achieved in the process. However, in steidy both fly ash and botton ash
are sent to landfill, without considering their pitide recycling as a filler.

The materials recovery carried out in the sortilagp(plastic, paper and metal) is also a
process which benefits this category. The avoidadatye in scenarios S-3, S-4 and S-
5, in which a greater amount of materials is reces€the entire mixed waste fraction
passes through the sorting plant), is -816.8 MaAte/ (S-3) and -830.7 MJ/t waste (S-4
and S-5).

Although materials are recovered and the biogasrgéed in the biomethanization
process is used to produce energy, the consumplti@agents and resources in the
process itself means that the damage avoidedsrcétegory is somewhat smaller (-
30.1 MJ/t waste) in the scenarios that include phixess (S-2, S-3, S-4 and S-5).

Finnveden et al. (2005) apply Life Cycle Analysisassess different solid waste
treatment options in Sweden. The treatments coresdda the studio are: incineration
with heat recovery, landfilling with landfill gaxtaction, recycling, anaerobic
digestion and composting. The study is appliedhéocombustible, recyclable and
compostable fractions present in municipal waske fesults show that recycling is the
treatment that contributes the most to reducingggneonsumption, followed by
incineration and landfill. When analysing the réswlbtained with food waste,



incineration is slightly more efficient than andaimdigestion, while composting is
found to be the only studied option that requiregmaergy input.

Hong et al. (2010) also found incineration to be diption that contributes the most to
reducing the impact on resource consumption, vathngs of -5.73x103 MJ/t dry
waste (-2.36103 MJ/t waste), similar values to ¢halstained in our study. However,
when incineration is combined with a compostingcpss, the generated impact on this
damage category becomes 657.73 MJ/t dry waste3 It waste), corroborating the
fact that the composting option has a negative ahpa this damage category.

4. Conclusions

In line with other studies, our results show thatitional landfill produces the greatest
environmental impact in all the analysed categories

The transportation process produces a significapact in the analysed damage
categories due to the use of fossil fuels.

Biomethanization is a process that contributegtlucing the impact. From the
environmental point of view, anaerobic digestioant$ are better than other
fermentable treatments due to not requiring a majternal power supply, mostly from
fossil fuels, as they are capable of generatingtedgy using the biogas that is
produced. This represents positive effects in gedlldamage categories as a result of
savings and compensation in non-renewable energy.

Incineration adversely affects the categories ahldn Health and Climate Change, but
helps reduce damage in the Resources categorpdhie benefits obtained from the
electricity generated in the process.

The sorting processes carried out both for the dhixaste fraction and the organic
fraction provide savings in the studied catego@sn the reduction in emissions due
to replacing raw materials, which promotes envirental benefits.

The aerobic stabilization process generates impactls the categories, but presents
relevant values (compared to the other processdg)rothe Climate Change category.



The effect on Ecosystem Quality is considered gédgé for all the analysed scenarios.
As to the other impact categories (Human Healtm&te Change and Resources), the
most favourable scenario is S-3, producing a damé&ged4x10° DALY/t waste and
emissions of 31.9 kg C@qg/t waste, in addition to supposing savings ioueses and
energy of -2361.3 MJ/t waste. The management systeptoyed in this scenario
includes source separation of the organic fradatiowed by biomethanization and
incineration of the mixed waste and rejected malefrom the organic fraction after
the sorting of recyclable materials.
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Table 1 Characteristics and composition of mixeahitipal waste in Asturias
(Castrillon et al., 2012)

Waste composition (%) Organic matter 38.1
Paper/Cardboard 20.6
Textiles 10.9
Plastics 10.8
Glass 5.6
Metals 3.6
Others 10.5
Waste properties Density (kg 187
Moisture (%) 28.5

Lower Heating Value (kJ kg 10,744




Table 2 Spanish energy mix (Red Eléctrica Espa20@9).

Regime Type Per centage
(%)
STANDARD Coal (bituminous coal, anthracite and lignite) 12.0
Hydraulic 20.1
Fuel-gas 3.0
Nuclear 8.0
Combined cycle 25.0
SPECIAL  Wind 20.0
Solar 3.7
Other renewables (biomass) 1.0

Non-renewables (waste heat, industrial gas) 7.2




Table 3 Transport process inventory (COGERSA, 2010)

Waste Distance Average Transport

Process load  travelled distance  vehicle®

(t/year) (kmlyear) (km)
Direct Home— TS 1,913,559 162.63 21 tonne
Home— Management 247,092 payload

transport 486,096 41.28
centre trucks
Transportvia TS 234,857 1,624,853 276.71 40 tonne
payload
trucks
Transport of SSO - - 49.53 21 tonne
payload
trucks

' Ecoinvent v2.0. database



Table 4 Data on consumption, expressed as tonneasié, at the treatment plants for
the different scenarios (COGERSA, 2010).

Consumption Value

(A) (B) € ® (© (F)
Energy (kWh) 22.7 17425 65.9 73.42 257.4Y 163.6Y
Water (kg) 32 899 5215 307.5 761.58 479.89
Gasoil (kg) 0.87 0.38 0.45 0.85 0.50 0.50
Reagents (kg)
Polyelectrolytes - 0.74 - - - %
Sulphuric acid - 4.32 4.05 - - -
Methanol - 0.15 0.084 0.062 28.92 18.22
Lime - 0.041 0.024 14.48 11.56 7.28
Ammonium - - - 2.13 - -

Activated carbon - - 0.75 17.34 10.93

Sodium
hypochlorite ' - - - 0.077 0.049
Phosphoric acid - v - 0.096 0.061

(A) Sorting; (B) Biomethanization; (C) Stabilizatip (D) Incineration; (E)
Landfill of non-stabilized waste; (F) Landfill ofabilized waste.

@ This energy consumption is the sum correspondinghé operation of the
landfill (3.85 kWh/t waste) and the operation ot tleachate treatment plant
during the post-closure period (30 years).



Table 5 Air emissions from the biogas producticemp(IPPC, 2006a).

Substance Value®
Methane (CH) 0.986 g
Sulphuric acid (Sh) 0.301 mg
Organics 0.021 mg

(1) Per m of generated biogas.



Table 6 Air emissions from the stabilization pld®PC, 2006a).

Substance Value®
Ammonium (NH) 102.2 g
N.O 60.5¢
Nitrogen oxides (N¢) 100 g
Methane (CH) 411 g
Organics 300 g
Particulate matter 1745¢g
Dioxins 508.3 ng
Water (H0) 303 kg

(1) Per tonne of waste.



Table 7 Percentage recoveries at the bottom aslkegcplant (COGERSA, 2010)

Recovered materials (%)™

Process Ferrous Non-ferrous
WITH sorting 1.5 0.4
WITH sorting + stabilization 2.05 0.55
WITHOUT sorting 3.0 1.3

(1) Percentage recovery with respect to incineratautinp



Table 8 Impact categories and units employed iIHNMRACT2002 method (Jolliekt

al., 2003)
I mpact category (mid-point) Units
Carcinogens kg GH3Cleg
Non-carcinogens kg GH3Cleg
Respiratory inorganics kg PM2.54
Respiratory organics kg CoHaeq
lonizing radiation Bqg Carbon-14,
Ozone layer depletion kg CFC-11q
Aquatic ecotoxicity kg TEG water
Terrestrial ecotoxicity kg TEG soll
Terrestrial acid/nutrient kg SQeq
Aquatic acidification kg SQeq

Aquatic eutrophication
Land occupation
Global warming

Non-renewable energy

Mineral extraction

kg PO4-P limited
m? organic arable land
kg COpeq
MJ primary
MJ surplus




Table 9 Summary of the contribution of each protedespiratory Inorganics (kg
PM2.5 eg/t waste)

Process SO0

S1

S2

S3

S4

S5

Waste Transport 0.0685
Sorting of Household

Waste -
Biomethanization

Plant -
Incineration Plant -
Stabilization Plant -
Landfill 1.2540

0.0685 0.0734 0.0734 0.0734

-0.0008 -0.0008 -0.0008

0.0734

-0.0114 -0.0115 -0.0115

0.0785 0.0702 0.0675 0.0552
0.0368 0.0368
- 0.3460

-0.0008

TOTAL 1.3224

0.1470

0.1428

0.1287

0.1530

0.4438




Table 10 Summary of the contribution of each prede<Climate Change (kg G@g/t

waste)

Process S0 S1 S2 S3 S4 S5
Waste Transport 48.1 48.1 51.4 51.4 51.4 51.4
Sorting MSW - - - -21.6 -21.7 -21.7
Biomethanization
Plant - - -1.4 -1.4 -1.4 -1.4
Incineration Plant 81.2 71.1 3.5 17.7 -
Stabilization Plant - - - - 12.2 12.2
Landfill 4,586.7 - - - - 1,384.8

TOTAL 4,634.9 129.3 121.1 31.9 58.1 1,425.2




Table 11 Summary of the contribution of each predesResources Depletion (MJ/t

waste)
Process SO0 S1 S2 S3 S4 S5
Waste Transport 732.0 732.0 780.5 780.5 780.5 780.5
Sorting of MSW - - - -816.8 -830.7 -830.7
Biomethanization Plant - - -30.1 -30.1 -30.1 -30.1
Incineration Plant - -2,801.1 -2,501.8 -2,295.1 -1,880.3 -
Stabilization Plant - - - - 204.6 204.6
Landfill 29611.5 - - - - 12,692.3

TOTAL 30,343.6 -2,069.1-1,751.5 -2,361.6 -1,756.1 12,816.5




DALY/t waste

kg CO ,eq/t waste

1.2E-03
1.0E-03
8.0E-04
6.0E-04
4.0E-04
2.0E-04
0.0E+00

5000
4000
3000
2000
1000

- Human Health

S-0 S-1 S-2 S-3 S-4 S-5
Scenarios

[ ] Climate Change

SO0 S1 S2 S3 S4 S5
Scenarios

PDF*m2*year/t waste

MJ/t waste

150

_ Ecosystem Quality
100 -
50 - H
O T T T N ~
] O O™ =
-50
S-0 S-1 S-2 S-3 S-4 S-5
Scenarios
40000
Resources
3000 -1 —m@ . aE——
20000 -
10000 -+ _’ ,,,,,,,,,,,
0 — — T — .
-10000
SO0 S1 S2 S3 S4 S5
Scenarios

Figure 6. Contribution of each scenario to the damage categories




Frrrrerrer e
e
R

S-2

Os-1
ES-4

[@s-0
ms-3

S-5

0.25

N
i

o

oN|eA pazijeW.JoON

o
i

o

LN
o

o

0.00

-0.05

Climate Change Resources

Ecosystem

Human Health

Quality

Figure 7. Normalized damage categories in each scenario



0.06

E15-0 @S-1 ES-2 BS-3 @5-4 BS-5

0.05

0.04

0.03

Normalized value

0.02

TR
]
PR

2

T
!

5

i

T
£
FEEE

£

s

TR
£
I

e

0.01

=
+

T
£
£

bt

22

2
e

"
*a
i

L,
Y
T
i

e

Bt

e

,
=
i

0.00 & —_——

Carcinogens Non- Respiratory lonizing Ozone layer Respiratory
carcinogens inorganics radiation  depletion organics

Figure 8. Normalized mid-point scores included in the Human Health damage category



s

R
S
o K o
e
eSSt RN,
A R

[¥ 03 UoIINQIIIUOD

-0.5

S-5

sS4

S-3

S-2

S-1

S-0

(3 Sorting Household Waste

O Waste Transport

B Incineration Plant

& Landfill

@ Biomethanization Plant

7 Stabilization Plant

Figure 9. Contribution of each process from each scenario to Respiratory Inorganics



S-5

S-4

S-3

[

<
I

s
e
SR

=

P
i
¢

]
3

=
e

&

e
£

£

]
e e e e e e
ettt
i
L
A
A0 A S0
e e e e e e
R
)
abfdabiaatidatidatilg

Sossassassie]

S-2

S-1

S-0

1.0

MD 01 UoIINQLIAUOD

-0.5

Sorting Household Waste

O Waste Transport

B Incineration Plant

B Landfill

B Biomethanization Plant

(3 Stabilization Plant

Figure 10. Contribution of each process from each scenario to Climate Change



G
e e e e
e R e e e S e R
R
e e e e e e

1.0

0.5

0.0

1
Q@

$324N0Say 03 UoIINQLIIUO)D

-1.0

[ Stabilization Plant

B Landfill

& Biomethanization Plant

B Incineration Plant

O Waste Transport

B Sorting Household Waste

Figure 11. Contribution of each process from each scenario to Resource Depletion



ACCEPTED MANUSCRIPT

. Biogas
Mixed Waste \ MSW Landfill

480 000 t/year

Leachates
Treatment

Figure 1. Flowchart of the current scenario (S-0)



Mixed Waste \
480000 t/year /

Plant

Bottom Ash Waste Gas
Recovery Treatment
ET
Fly ash
Bottom
ash

Figure 2. Flowchart of the current scenario (S-1)
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Figure 3. Flowchart of the main stepsinvolved in scenarios S-2 and S-3
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Figure 4. Flowchart of the main stepsinvolved in scenarios S-4 and S-5
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Figure 5. System boundary of the waste management system



Highlights

Six waste management scenarios were assessed by LCA methodology.

Four damage categories were considered, according to the Impact 2002+ method.
Waste landfilling is the option with greater environmental impacts.

Sorting and biomethanization processes provide savings in the studied categories.

Incineration helps to reduce damage in the Resources Depletion category.



