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Summary

The increased generation of municipal solid waste (MSW) due to population growth
and new patterns of consumption is an important issue for European Union (EU) and
countries around the world. Policies for managing MSW in a sustainable manner
have been key components of EU directives (Directives 1999/31/EC and
2008/98/EC).

This doctoral thesis aims to study technologies for the treatment of MSW and assess
the environmental impacts of using organic waste to fertilize crop in order to optimize
resources and reduce waste. The studies are based on life cycle analysis using CML

and ReCipe methodologies.

Chapter 2 is dedicated to the assessment of autoclaving a technology normally used
for the sterilization of pharmaceutical waste. This technology offers the possibility of
recovering the valuable portion of mixed MSW such as the organic fiber (OF). The
processes of autoclaving, sorting and biological treatment were compared to two
known technologies: incineration and landfill. The results showed that the systems
which considered the anaerobic digestion had the lowest impacts in eutrophication
potential and global warming potential. Meanwhile, incineration had the best results
for the remainder five impact categories studied. On the other hand, landfill had the
highest impact in all studied categories.

Chapter 3, the second case study was carried out to compare the environmental and
agronomical results of two composts (industrial and home) with mineral fertilizers.
Fertilizers were applied to horticultural cauliflower crops. The results showed a better
yield (fruit - ha') for the crops fertilized with mineral fertilizers but the best
environmental performance was for the crops fertilized with home compost.

Chapter 4, the third case study, two home composts were produced by two different
methods (i.e. production management), resulting in significant differences in terms of
emissions. Emissions of methane, nitrous oxides and ammonia were experimentally

measured for both composts. The results showed that nitrous oxides and methane

XXV



emissions contributed considerably the category of global warming potential. While
ammonia emissions contributed to the categories of acidification potential,
eutrophication and photochemical oxidation. It was observed that these gaseous
emissions depend on the management practices employed when producing the
compost such as: quality and type of waste stream, frequency mixing of the
composting material, rigorous control of some physico-chemical characteristics

(humidity, pH, temperature, etc.), among others.

Chapter 6, the fourth case study was carried out to compare the environmental
performance of organic and mineral fertilizer in a crop sequence of cauliflower and
tomato. Furthermore, two procedures for allocating life cycle impacts to crops were
also studied. The first one was based on time allocation and the other one in the
mineralization N degree in soil. In general, the results showed a better environmental
performance for cauliflower crop than tomato in al impact categories considered.
Meanwhile, in both crops, the fertilization treatment with home compost showed the
lowest impacts than industrial compost and mineral fertilizers in the most impact
categories studied. Additionally, the total impacts for the crop sequence (sum of
impacts of cauliflower and tomato) were lower than single (i.e. cauliflower and
tomato) impacts for the three fertilization trestments.

Finally, the dissertation also includes guidelines for organic waste management
(Chapter 5). These guidelines focused on domestic compost production and its
application in horticulture. The guidelines show the V2V “vegetables to vegetables”
model, a closed loop model starting from food waste (e.g. vegetables and fruits)
compost until it is again transformed in organic fertilizer to be applied to crops. The
guidelines are targeted towards farmers and anyone interested in domestic compost

production.
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Resumen

El aumento en la generacion de residuos solidos municipales (RSM) debido al
crecimiento de la poblacion y nuevos patrones de consumo es un asunto importante
en la Unioén Europea (UE) y parala mayoria de paises alrededor del mundo. Politicas
parala gestion de los RSM de una manera sostenible han sido componentes claves en
las directivas de la UE (Directivas 1999/31/EC and 2008/98/EC).

Esta tesis doctoral tiene como objetivo estudiar tecnologias para el tratamiento de los
RSM vy evaluar los impactos ambientales originados por usar la materia organica
como fertilizante en cultivos. Los estudios estan basado en € andlisis del ciclo de

vida usando las metodologias de CML and ReCipe.

Capitulo 2, se refiere a la evaluacion ambiental de la autoclave, la cua es una
tecnologia normalmente utilizada para la esterilizacion de residuos farmacéuticos.
Esta tecnologia ofrece la posibilidad de recuperar una parte importante de los RSM
mezclados tales como: la fibra organica (OF) y los reciclables. Los resultados de la
evaluaciéon ambiental de los sistemas (autoclave + separacion + tratamiento
biol6gico) fueron comparados con incineracion y vertedero. Los resultados indicaron
gue los sistemas que consideraron la digestién anaerébica tuvieron los menores
impactos para las categorias de eutrofizacion y calentamiento global. Mientras que,

incineracion tuvo los mejores resultados para el resto de las categorias estudiadas.

Capitulo 3 corresponde a segundo caso de estudio € cual se llevé a cabo para
comparar los resultados ambientales y agronomicos de dos composts (industrial y
casero) con fertilizantes minerales. Los fertilizantes fueron aplicados a cultivos de
coliflor. Los resultados mostraron un mejor rendimiento agronémico (fruta- ha) para
los cultivos fertilizados con fertilizante mineral pero el mejor desempefio ambiental

fue paralos cultivos fertilizados con e compost casero.

Capitulo 4, corresponde a tercer caso de estudio, en e cual dos composts caseros
fueron producidos por dos sistemas de gestion de produccion diferentes en los cuales

se observaron diferencias significativas en términos de emisiones. Emisiones de
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metano, éxido nitroso y amoniaco fueron experimentalmente medidos para ambos
composts. Los resultados mostraron que las emisiones de Oxido nitroso, y metano
contribuyeron considerablemente en la categoria de calentamiento global. Mientras
gue las emisiones de amoniaco contribuyeron en las categorias de acidificacion,
eutrofizacion y oxidacion fotoquimica. Se observd que esas emisiones gaseosas
dependen considerablemente de las précticas de gestion cuando se produce €l
compost, tales como: calidad y tipo de residuos, frecuencia de mezclado del material,
control riguroso de algunas caracteristicas fisico-quimicas tales como: humedad, pH,

y temperatura, entre otras.

Capitulo 6, corresponde a cuarto caso de estudio en el cual se compar6 el desempefio
ambiental de fertilizantes organicos y minerales en una secuencia de cultivos de
coliflor y tomate. Ademas se compararon dos procedimientos para la asignacion del
compost a los cultivos. El primero estuvo basado en el tiempo de duracion del cultivo
y e otro en el grado de mineralizacion de nitrégeno en e suelo. En generd, €
cultivo de coaliflor mostré un mejor desempefio ambiental que el del tomate en todas
las categorias de impacto estudiadas. Por otro lado, en ambos cultivos, el tratamiento
de fertilizacion realizado con compost casero mostré un menor impacto ambiental
que el compost industrial y €l fertilizante mineral en la mayoria de las categorias
estudiadas. Por otro lado, los impactos totales de |a secuencia de cultivos (suma de
impactos de la coliflor y € tomate) fueron menores que los impactos individuales

(coliflor y tomate) paralos tres tratamientos de fertilizacion.

Finamente, la tesis incluye recomendaciones para la produccion y gestion de los
residuos organicos (Capitulo 5). Estas recomendaciones se enfocaron en la
produccion de compost doméstico y su aplicacién en horticultura. Se incluye €l
modelo V2V “vegetables to vegetables” que es un modelo de bucle cerrado
empezando desde la generacion de residuos de cultivos (hortalizas, vegetales y frutas)
hasta que los mismos son transformados nuevamente en fertilizantes organicos para

ser aplicados en cultivos.
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Resum

L’augment en la generacid de residus solids municipals (RSM), principalment degut
a creixement de la poblacid i as nous patrons de consum, és un assumpte important
per ala Unié Europea (UE) i per la magjoria de paisos d’arreu del mén. Politiques
sostenibles per a la gestio dels RSM han estat components claus en les directives de
la UE (Directives 1999/31/EC and 2008/98/EC).

Aquestatesis doctoral te com a objectiu estudiar les tecnologies per al tractament dels
RSM i avaluar els impactes ambientals derivats de 1’as de la matéria organica
(compost) com a fertilitzant en cultius. Els estudis s’han basat en la analisis del cicle

de vida utilitzant les metodologies CML i ReCipe.

El capitol 2, fa referencia a ’avaluacié ambiental de 1’autoclavatge de residus,
tecnologia que fins a moment ha estat principalment utilitzada per a 1’esterilitzacio
de residus sanitaris. Els resultats de 1’avaluacié ambiental dels processos autoclave,
Separacio i tractament biologic varen ser comparats amb els escenaris d’incineraci6 i
abocador. Els resultats mostraren, que els sistemes que consideraven la digestié
anaerobica, tenien els menors impactes per les categories d’eutrofitzacid i
escalfament global. En canvi, laincineracié obtingué els millors resultats per la resta
de categories d’impacte ambiental estudiades. Per altra banda, 1’abocador obtingué

els majors valors en totes les categories d’impacte.

El capitol 3, correspon al segon cas d’estudi que es va dur a terme per comparar els
resultats ambientals i agronomics de dos compost (industrial i casold) amb fertilitzant
minera. Els fertilitzants varen ser aplicats a cultius de coliflor. Els resultats varen
mostrar un major rendiment agronomic (fruita-ha®) per cultius abonats amb
fertilitzant mineral; en canvi, el millor perfil ambiental va ser pels cultius fertilitzats
amb compost casola.

El capitol 4, correspon al tercer cas d’estudi en el qual dos composts procedents
d’auto-compostatge van ser produits mitjancant dos sistemes de gestio diferents, la

diferent gestidé va donar lloc a diferéncies significatives en termes d’emissions. Les
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emissions de meta, oxid nitrés i amoniac van ser experimentalment mesurades en
ambdés composts. Els resultats mostraren que les emissions d’oxid nitrés i meta
contribuiren considerablement a la categoria d’impacte d’escalfament global. En
canvi, les emissions d’amoniac contribuiren a les categories d’acidificacio,
eutrofitzacio i oxidacio fotoquimica. Es va observar que aguestes emissions gasoses
depenien considerablement de les practiques de gestié durant la produccié del
compost, tals com: qualitat i tipus de residus, freqléncia de barrgja del compost,
control rigoros d’algunes caracteristiques fotoquimiques (humitat, pH, temperatura),

entre d’altres.

El Capitol 6, correspon al quart cas d’estudi en el qual es va comparar la idoneitat
ambiental de fertilitzants organics i minerals en una sequiencia de cultius de coliflor i
tomaquet. A més a més, es compararen dos procediments per 1’assignacié del
compost as cultius. El primer basat en el temps de duracié del cultiu i €l segon en €l
grau de mineralitzacio del nitrogen al sol. En genera, el cultiu de coliflor mostra un
millor perfil ambiental que el del tomaquet en totes les categories d’impacte
estudiades. Per atra banda, els impactes totals de la sequéncia de cultius (suma
d’impactes de la coliflor 1 tomaquet) varen ser menors que els impactes individuals

(coliflor i tomaquet) pels tres tractaments de fertilitzacio.

Finalment, la Tesis conclou recomanacions per la gestio dels residus organics
(Capitol 5). Aquestes recomanacions varen ser enfocades a la produccioé de compost
domestic i la seva aplicacio horticola. S’inclou un model V2V “vegetals a vegetals”.
Aquest és un model de bucle tancat que comenca des de €els residus de cultius
(hortalisses, vegetals i fruites) fins la transformacié d’aquests novament en
fertilitzants organics per ser aplicats a cultius. Les recomanacions van dirigides als

agricultors i qualsevol persona interessada en la produccié de compost domestic.
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Preface

The thesis “ Life cycle assessment of municipal solid waste technologies, organic
matter, and compost application to crops’ was developed from November 2010 to
June 2014 at the Department of Chemical Engineering under “Environmental Science
and Technologies” Phd programme of the Institut de Ciencia i Tecnologia
Ambientals (ICTA). The thesis was developed with the participation of the research
group Sostenibilitat i Prevencio Ambiental (Sostenipra) at the Universitat Autbnoma
de Barcelona with the collaboration of Group d’Investigaci6 en Compostatge
(GICOM) of the Universitat Autonoma de Barcelona and the Institut de Recerca i
Tecnologia Agroaimentaries (IRTA). Additionally, the autor was awarded with three
grants for persona and family financial support: Erasmus Mundus E2HANCE, and
the Universdad de Costa Rica and the Comision Nacional de Investigaciones
Cientificasy Tecnoldgicas de Costa Rica (CONICIT).

The thesis aims for a sustainable management of MSW through the environmental
assessment of technologies to treat unsorted MSW and the transformation of the
organic matter to produce compost which was applied in horticultural crops. The

thesisis structured in seven chapters.

Chapter 1 corresponds to introduction, objectives and methodologies used in the

dissertation.

Chapter 2 focuses on the environmental assessment of the organic fiber (OF)
which is a sub-product resulting from the autoclaving unsorted MSW. The OF was
processed through biological treatments (aerobic and anaerobic digestion). The
environmental results of the whole system comprised of autoclaving, sorting and
biological treatment were compared with two reference technologies. incineration and
landfill.

The others there case studies presented in chapters 3, 4, 5 and 6 arerelated to the use
of fertilizers (i.e. organic and mineral) applied in horticultural crops. These chapters
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mainly focus in the use of waste as sustainable aternative for the organic matter from
MSW.

Chapter 3 presents the environmental and agronomical comparison of three
fertilizers (i.e. industrial compost, home compost and mineral fertilizer) applied in
horticultural cauliflower crops.

Chapter 4 focuses in the environmental assessment of two home composts with
low and high gaseous emissions (ammonia, methane, nitrous oxides and volatile
organic compounds) of the composting process. The aim of this chapter is to study
the consequences of gaseous emissions of the composting process in the

environmental performance of horticultural systems.

Chapter 5 presents guidelines for the organic waste management focused on

domestic compost and its application in horticulture. The model was oriented to

farmers and any person interested in domestic compost production.

Chapter 6 analyzes the environmental performance of organic and mineral
fertilizers applied in a crop sequence of cauliflower and tomato. The impacts of each
crop were also compared with the entire crop sequence (sum of impacts of
cauliflower and tomato crop). Furthermore, this case study analysed the
environmental performance of the crop sequence using two procedures for the

allocation of compost to crops.

Chapter 7 includes a general discussion and summarizes the main outlines, the

conclusions and future perspectives that arise from the dissertation.

The chapters were structured following the general guidelines of scientific journas
for the publication of papers. Each chapter has its own introduction, methodology,
results and discussion, the main conclusions and references. The original contents of
the published papers have kept unchanged to avoid duplication of some introductory
material or methodological interpretations. The references and annexes are presented
at the end of the manuscript. References were kept according to Journal Cleanner

Production format.
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Most of the mentioned researches (i.e. chapters) were funded by European projects
(Zero Waste Project TRACE 2009 0216 and Ecotech Sudoe Project SOE
SOE2/P1/E377). Likewise researches were prepared in paper format and submitted to

journals for its publication as follows:
Articlel

“The application of LCA to alternative methods for treating the organic fiber

produced from autoclaving solid waste: Case study of Catalonia”.

Authors: Quirés R, Gabarrell X, Villalba G, BarrenaR, Garcia A, Torrente J, Font X.
Project: Zero Waste Project TRACE 2009 0216
Funded by: 1G/MED08-533 ZERO WASTE

Article published in Journal of Cleaner Production, 2014.

Article2

“Environmental and agronomical assessment of three fertilization treatments applied

in horticultural open field crops”.

Authors: Quirés R, Villalba G, Mufioz P, Font X, Gabarrell X
Project: ECOTECH SUDOE SOE2/PL/E377

Funded by: Europa/ERDF Funds, FEDER and Interreg IV B

Article published in Journal of Cleaner Production, 2014.

Article3

“Environmental assessment of two home composts with low and high gaseous

emissions of the composting process”

Authors: Quirés R, Villalba G, Mufioz P, Colén J, Font X, Gabarrell X.
Project: ECOTECH SUDOE SOE2/P1/E377

Funded by: Europa/ERDF Funds, FEDER and Interreg IV B

Article published in Resources, Conservation & Recycling, 2014
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Article4

“Environmental assessment of organic and mineral fertilizersin a crop sequence”
Authors: Quirés R, Villalba G, Gabarrell X, Mufoz P.

Project: ECOTECH SUDOE SOE2/PL/E377

Funded by: Europa/ERDF Funds, FEDER and Interreg IV B

Submitted to Resources, Conservation & Recycling (second revision), 2014

In addition, the main results of the researches were presented in international

seminars and congresses as follows:
Presentation 1

Title: Environmental assessment “closing flows and vegetables production”: from

urban waste and with Roof Top Greenhouse V2V “vegetables to vegetables” model.
Authors: Quirés R, Villalba G, Mufioz P, Font X, Gabarrell X, Rieradevall J.
Participation: Oral presentation

Congress: Symposium on Ecoinovation in the Sudoe Region

Place: Tolousse, France

Date: June 2013

Oranized by: Ecotech Sudoe Project

Presentation 2

Title: Environmental assessment of two home compost applied in horticultural

cauliflower crops

Authors: Quirés R, Villalba G, Mufioz P, Font X, Gabarrell X, Rieradevall J.
Participation: Poster and oral presentation

Congress. International Solid Waste Association (ISWA) World Congress
Place: Viena, Austria

Date: October 2013
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Organized by: ISWA
Presentation 3

Title: Quantification and validation of GHG emissions from Municipal Waste
Management with CO2ZW ® tool

Authors. Quirés R, Villalba G, Savigné E, Gasol C, Ferrany R, Gabarrell X,
Rieradevall J.

Participation: Oral presentation

Congress. International Solid Waste Association (ISWA) World Congress
Place: Viena, Austria

Date: October 2013

Organized by: ISWA

Presentation 4

Title: Technologies to treat unsorted municipal solid waste in urban areas
Authors: Quirés R, Villalba G, Font X, Gabarrell X, Rieradevall J.
Participation: Oral presentation

Congress: 4™ Annual International Conference on Urban Studies & Planning
Place: Atenas, Greek

Date: June 9-12, 2014

Organized by: ATHENS INSTITUTE FOR EDUCATION AND RESEARCH
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Chapter 1

1 Introduction, methodology and objectives

1.1 Introduction

European economy, as well as developed countries, is characterized by high level
resource consumption. This includes resources (metal, minera resources for
construction or wood), energy and land. Main driving forces of European resources
consumption are economic growth and technological progress in the changing
patterns of consumption and production. With growing demands on the world’s
limited stock of resources, it is imperative that Europe makes more efficient use of
both virgin materials and waste. Every European citizen throws off 492 kg of
household waste in 2010 (Eurostat, 2012). Although in recent years waste generation
shows a decreasing trend due to the economic crisis, European Union (EU) countries
should be alert because otherwise the waste generation could continue to grow. For
example, in EU-15 countries the use of material has only dlightly changed in the last
two decades and still amount is approximately 15-16 tonnes per inhabitant per year
(Eurostat, 2012). In the case of Catalonia, the material consumption grew from 12 to
17 tonnes per capitafor the period 1990 to 2004 with an annual growing rate of 2.4%
(IDESCAT, 2007). In announcements for the period to 2020 it is stated that resource
use in EU will continue to grow. Resource use is growing also in other regions of the
world. This is partially a result of the aforementioned increased use of goods and
services in Europe, which often relies on source, acquired in these other regions.
Therefore, it is clearly understood the relationship between resources consumption
and waste generation. As stated in Figure 1.1, the biggest currents of waste in Europe
originate in construction (34%); mining and quarrying (27%); and destruction and
manufacturing (11%) (Eurostat, 2010).
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Figure 1.1 Generation of waste per productivity sector EU-27 in 2010
Source: Eurostat, 2010

In the case of Catalonia, as shown in Table 1.1, the most composition of waste was
from wastewater and urban and industrial sectors (ARC, 2001).

Table 1.1 Waste production per productivity sectorsin Catalonia for 2000

Millions of
Waste stream tonnes

generated
Industrials 5,6
Municipals 35
Debris 55
Livestock 13
Urban waste water >400
Industrial wastewater >125

Source: Agencia de Residuos de Catalunya (ARC, 2000) cited in Sendra (2008v)

The basis of European policy on waste management is a revised frame on waste from
Directive 2008/98/EC. It foresees a modern approach of waste management, where
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waste is no longer superfluous, but raw materials that end in plants instead of
dumping grounds, where they are processed again into useful raw materials, compost
or fuel. The goal of European policy’s waste management is the reduction of waste

effects on environmental and health and increasing resource use efficiency.

The growing generation of municipal solid waste (MSW) due to population growth
and new patterns of consumption is an important issue for European Union (EU)
countries (Quirés et al., 2014a). Policies for managing MSW in a sustainable manner
have been key components of EU directives. In Europe, policies for reducing the
amount of waste sent to landfills have been significantly influenced by EU directives
1994/62/EC and 1999/31/EC. These directives limit the amount of degradable waste
that can be sent to landfills as a proportion of the waste produced in 1995 (e.g.
reduction to 35% of the total amount of biodegradable municipal waste produced in
1995). As shown in Figure 1.2, despite recent efforts to reduce the amount of solid
waste sent to landfills, the MSW volume remains high. In the EU-27 countries, 37%
of municipal waste was landfilled, 24% was incinerated and 39% was recycled or
composted on average in 2010 (Eurostat, 2014). Furthermore, 17 countries of EU-27
(63%) had as landfill as the main treatment option in 2010. Therefore, it is clearly
noted that the quantity of MSW to landfill is nowadays high regarding other
treatment options.
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Figure 1.2 Municipal waste per treatment option in EU-27 in 2010

While, despite the introduction of the landfill directive in 1999, currently in EU
countries (European Commission, 2009) approximately 40% of bio-waste from MSW
ends up in landfills. This MSW practice is a growing problem due the rapid collapse
of landfills. To address this problem, the European Union Landfill Directive
1999/31/CE (Council of the European Union, 1999) states the reduction of the
biodegradable (e.g. reduction to 35% of the total amount of biodegradable municipal
solid waste produced in 1995) waste being dumped to minimize environmental
impacts and the loss of organic resources. One aternative, or rather complimentary,
technology for the treatment of organic matter from MSW is composting.
Furthermore, composting is seeing as a good alternative to be used as minera
fertilizer substitute in agricultural or as soil amendment application. The European
countries produce a total of 76.2-102 Mt / year of organic fraction of municipal solid
waste (OFM SW) which represents between 30-40% of the municipal waste generated
(European Commission, 2008). The potential of quality compost production in EU is
estimated at 35-40 million tonnes - year™ (European Commission, 2009), equivalent
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to 131,000 tonnes of available of organic nitrogen (3.5%). Additionally, the use of
compost in agriculture not only reduce the total amount of waste being dumped but
also contribute to eliminate most of the pathogenic microorganisms and reduces odor
compounds obtaining a valuable product named “ compost” . Thus, the use of compost
in agriculture represents a sustainable way for the trestment of bio-waste from the
MSW. In contrast to organic fertilizers, the use of manufactured fertilizers has been
increasingly incorporated into regular farming practice in the EU since its
introduction in the mid to late nineteenth century. In 2010, the minera fertilizer
consumption (N, P, P,Os, K and K,0) in the EU was 18 million tonnes (Eurostat,
2014).

Organic wastes which are potentially valuables as fertilizers or amendments must be
considered as resources to be managed adequately, instead of pollutants to be
removed (Flotats et al., 2008). Although, agriculture is considered a major contributor
to some present environmental impacts such as those of water pollution given the
intensive use of fertilizers and pesticides (European Commission, 1999). Fertilizers
(i.e. organics or mineras) are essential to sustaining agricultural production,
increasing the yield and improving soil characteristics. However, mineral fertilizer
must be applied according to crop needs. When the quantity of the nutrients applied
exceeds the plant’s nutritional requirements, there is a higher risk of nutrient losses
from agricultural soils into the ground and surface water. Therefore, following the
current trend of sustainable agriculture, the home composting represents a good
alternative of organic fertilizer to give a sustainable use of organic matter from MSW
and related sources.

1.2 European Waste Framework

The European Waste Framework is based on Directive 2008/98/EC. This directive
repeals the previous Directive 2006/12 on waste and Directives 75/439/EEC and
91/689/EEC regarding waste oils and hazardous waste, respectively. The revised
Waste Framework Directive applies from 12 December 2010 and introduces new
provisions in order to boost waste prevention and recycling as part of the waste

hierarchy and clarifies key concepts namely, the definitions of waste, recovery and
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disposal and lays down the appropriate procedures applicable to by-products and to
waste that ceases to be waste.

Directive 2008/98/EC demands target quantification for the waste production
prevention from the EU member-states, while in other places it poses its own targets.
These targets comprise as minimum rate of 70% for recycle at the construction and
demolition sector until 2020, a minimum recycle rate of 50% for household waste
until 2020, while at least four streams of waste (paper, glass, metals and plastics) are
provided until 2015 along with a separate collection for the biodegradable part
(Directive 2008/98/EC).

1.3 Waste hierarchy

The waste management is strongly connected to the sustainable issue. It is important
to choose policies with the aim of the reduction of waste disposal. The EU Directive
2008/98 (EC, 2008) (article 4) regulates the “waste hierarchy” (Figure 1.3) of the

waste management and policy:

Prevention

Preparing for re-use

Recycling

Other recovery, e.g. energy recovery
Disposal

® 2 0 T o



Chapter 1 Introduction, methodology and objectives

Figure 1.3 Waste hierarchy in EU (EU Dir ective 2008/98)
Source: Adapted from EEA Report No 2/2013

This directive (EC, 2008/98) lays down measures to protect the environment and
human health by preventing or reducing the adverse impacts of the generation and
management of waste and by reducing overall impacts of resource use and improving
efficiency of such use. The hierarchy sets a priority order of what constitutes the best
environmental option. The first point highlighted in the Directive 2008/98/EC is the

prevention.

1.4 Municipal solid waste management

Waste management is a globa problem in developed countries due to the rapid
collapse of landfills and the high impacts related to biodegradable waste dumping.
The definition of 'municipal solid waste' used in different countries varies, reflecting
diverse waste management practices. In the nationa yearly reporting of municipal
waste to Eurostat, 'municipal solid waste' is defined as follows (Eurostat, 2012a):

“Municipal waste is mainly produced by households, though similar wastes from
sources such as commerce, offices and public institutions are included. The amount
of municipa waste generated consists of waste collected by or on behalf of municipal

authorities and disposed of through the waste management system.”

In this context, municipal waste is understood as waste collected by or on behalf of
municipalities. However, the definition also can include waste from the same sources

and other waste similar in nature and composition that is ‘collected directly by the
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private sector (business or private non-profit institutions) mainly for recovery
purposes (Eurostat, 2012a).

MSW is key point in EU countries in part because the 2008 Waste Framework
Directive introduced a new 50 % recycling target for such waste. In addition,
municipal waste is primarily a public sector responsibility and the current economic
situation in many EU Member States demands an added focus on how to achieve
policy goals most cost-effectively (EEA Report No 2/ 2013).

Municipal waste prevention can be assessed by analysing trends in the amounts of
municipal waste generated; if the amounts of municipa waste generated are
decreasing over time, waste is prevented according to the first objective of the waste
hierarchy. As shown in Figure 1.4, the municipal waste has decreased from 2001 to
2010 in average in the EU-27 Members States, Croatia, |celand, Norway, Switzerland
and Turkey. Overall twenty-one countries generated more municipal waste per capita
in 2010 than 2001 and eleven cut per capita municipal waste generation. This
suggests that the economic downturn that starts in 2008 may have caused a reduction
in municipal waste generation per capita. Overall, the picture is mixed and thereis no
clear evidence of improved waste prevention across countries between 2001 and 2010
(EEA Report No 2/2013).

10
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Figure 1.4 Municipal solid waste generation per capitain 32 European
countriesin 2001 and 2010

Source: European Environmental Agency (EEA report No 2/2013)

Note: The figure convers the EU-27 Members States, Croatia, Iceland, Norway, Switzerland and
Turkey

1.5 Environmental sustainability in waste management

Environmental sustainability and waste management are associated with the welfare
of human beings. Waste treatment and uses of by-products is an important issue in
the management of waste. Therefore, as stated in Bonmati (2001), solutions to
environmental problems associated with organic waste require a global perspective
and the development of integrated management plans including: actions to minimize
waste generation, the establishment of specific soil-crop application programs, and

treatment when required.

There are two main definitions in which environmental sustainability in waste
management is supported. The first is sustainable development which was defined by
the Brundtland commission as “Sustainable Development is the development that

meets the needs of the present without comprising the ability of future generation to

11
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meet their own needs” (WCED, 1987). The second one is environmental
sustainability which is defined as: “Environmental Sustainability itself seeks to
improve human welfare by protecting the source of raw materials used for human
needs, and ensuring that sinks for human waste are not exceed, in order to prevent
harms to human” (Goodland, 2002). Thus, according to environmental sustainability,
general objectives for any human activity can be summarized as an objective of
rational resource consumption and reduction of environmental pollution. Hence, also
environmental sustainability in waste management may be express through these two
mayor objectives: conservation resources and pollution prevention. Therefore, the
exploring of new waste management alternatives and improving of the existing ones
are a key point to accomplish EU policies according to environmental sustainability

principles.

1.6 Waste treatment

MSW are categorized in Europe according to the best treatment options in the “waste
hierarchy” promoted by the EU on the basis of the Waste Framework Directive.
Figure 1.5 indicates that for the period 2001-2010 for the EU-32 countries, landfilling
of municipal waste decreased by almost 40 million tonnes, whereas incineration

increased by 15 million tonnes and recycling grew by 29 million tonnes.

12
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Figure 1.5 Municipal waste per treatment in 32 European countriesin 2001-
2010

Sour ce: European Environmental Agency (EEA report No 2/2013)
Note: Thefigure coversthe EU-27 Member States, Croatia, Iceland, Norway,
Switzerland and Turkey

1.7 Waste treatment situation in Catalonia, Spain and European Union

Figure 1.6 shows the amount of waste in kg/inhabitant/year for different waste
treatment for Catalonia, Spain and European Union for 2010 to 2012. In general the
municipal waste treatment through the different alternatives available in Catalonia,
Spain and European Union shows similar trends for the period 2010 to 2012. In the
case of landfill, the municipal waste to landfill shows a decreasing trend in Catalonia,
Spain and European Union countries for 2010 to 2012. The amount of waste send to
landfill in Catalonia and Spain decreased in 9% and 8% from 2010 to 2012,
respectively, and 13% for European Union. The efforts of the countries to reduce
waste to landfill had been motivated by the EU Directive and loca laws of the
country members to achieve European targets. For the same period of analysis, the
treatment of municipa waste through incineration technology decreased in Catalonia
(7%), Spain had the same value and European Union had a slight decreased of 2%.
For the case of recycling, both, Catalonia and Spain shown a decrease of 18% and
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12%, respectively, but European Union grew about 6%. The amount of waste
processed through composting aternative showed the same trend of recycling. Spain
and Catalonia decreased the amount of municipal waste to composting in 7% and
20%; respectively, and European Union registered a slow increasing of 6%. In
general it can conclude that only landfill showed a decreasing tendency regarding the
other treatment alternatives, for the rest of technologies, only European Union
registered increasing tendency but Catalonia and Spain showed a dlight decreasing

trend for the period compared.
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Figure 1.6 Wastetreatment per capitain Catalonia, Spain and EU for 2010-
2012
Units: kg/inhabitant/year
Source: Idescat, 2014; Eurostat, 2014

1.8 Technologies to treat unsorted MSW
In the following subsections an overview of the technologies to treat MSW used in
the current dissertation is presented. The unsorted MSW was pretreated through the
autoclaving technology to separate the biodegradable material from other fractions
(plastics, metals, textiles, etc.) contained in the unsorted MSW. The environmental
assessment results of the systems comprised of autoclaving + sorting + biological
treatments (aerobic and anaerobic digestion process) were compared with incineration
14
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and landfill both with energy recovery. Incineration and landfill technologies were
modelled and adapted to our case study from the ecoinvent database v2.2.

1.8.1 Autoclaving technology

Autoclaving is a process that is based on the principles used for the sterilization of
medical and pharmaceutical equipment. Autoclaving is defined as a heat-based, non-
combustion process that occurs in a moist environment under elevated temperatures
and pressure (Papadimitriou, 2007). In the autoclaving process, waste is treated with
saturated steam at high temperatures. The heating of the reactor requires the injection
of saturated steam, so that the residue is eventually autoclaved. The main features of
this treatment for recovering the value of municipal waste have aready been
described (Papadimitriou, 2007).

1.8.1.1 Benefits of autoclaving

The effect of the treatment and its subsequent mechanical separation system is that
approximately 80% of the initial volume can be separated for recycling
(Papadimitriou, 2007). At the same time, the sterilization of pathogens, the loss of
fluids, the compaction of plastics, and the disintegration of labels on glass bottles,
food packaging and cans is achieved. Also, all incoming biodegradable fractions are
collected together in a single OF, which has been recently studied for
biodegradability under composting and anaerobic digestion conditions (Stentiford,
Hobbis, Barton, Wang, & Banks, 2010; Trémier, 2006). Figure 1.7 shows an
autoclaving machine which was designed and built by private company located in
Barcelona, Catalonia. Data of energy and resources consumption used in the case

study was provided by the managers of this company.
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Figure 1.7 Full-scale autoclaving machine
Sour ce: Ambiensys

The autoclaving process can be applied directly to mixed or unsorted MSW in areas
where source separation collection is not implemented. It may also be a good solution
to treat the rejected fraction from the mechanical biological treatment (MBT) plants.
This rejected flow mainly corresponds to the fraction refused in the first mechanical
pretreatment with a characterisation similar to the MSW. The post-treatment of this
MBT residual flow through an autoclaving process may maximise the recycled ratio
(glass, plastic, metal and biodegradables) of MBT plants. However, thereis still some
lack of knowledge about the suitability of this technology for treating large amounts
of MSW. The most important concern to be solved is the fate of the organic fiber
(OF) obtained after autoclaving the MSW, which is the main constituent in the

autoclaved material.

1.8.1.2 Overview of autoclaving process

In brief, in the process of autoclaving, the unsorted waste collected by the MSW
system is introduced into a temporal storage chamber. The waste is then moved to
size-reducing machinery by a crane operator. The ground-up waste is transported via
conveyor belt to a reactor where the autoclaving process takes place. After the
autoclaving process is finished, the OF is separated from the autoclaved waste stream
and subsequently the recyclable fractions aso are sorted by sorting machines. In the
present study, the OF was treated through biological technologies (i.e. aerobic and
anaerobic digestion), the sorted fractions (PET, ferrous and non-ferric material) were

valorized as recyclable potential material and the mixed plastic fraction was valorized
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thru incineration with energy recovery. Figure 1.8 outlines the process of autoclaving

since the moment the waste arrive to the facility up to separation of the OF and

recyclable fractions.

!

v'Waste is autoclaved in the autoclaved
machme (reactor) a high pressure and
B temperature

!

v'Separation of orgenic fiber from
autoclaved waste stream with less than 3%
impurities

—‘@ g.__ ixed plastic fraction

0 Separation of recycle fractions. textiles,
ET, ferric and non-ferric materias and

Figure 1.8 Autoclaving machineto treat unsorted waste

Source: Ambiensys SRL

1.8.1.3 Operational conditions of full-scale autoclaving machine

In this dissertation, an autoclaving process was carried out in a full-scale reactor with

a capacity of 35 m®, processing approximately 10-15 tonnes of unsorted MSW in a

continuous mode of operation to avoid the problem of heterogeneity found in this
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kind of wastes. Working conditions were 600 kPa and 145 °C with a hydraulic
retention time of 30 min. OF was obtained from the mechanical separation of this
fraction from the rest of materials (glass, plastics, metals and stones) with a 10 mm
sieving process and it was a highly homogeneous fibrous material as confirmed by
transmission electron microscopy (TEM) images obtained with a JEOL electron
microscope (model 1010, IZASA, Alcobendas, Spain) operating at an accelerating
voltage of 15 kV (Figure 1.9) (Garcia et al., 2013). This organic fraction represents

55% of the input material (in mass).

Figure 1.9 Transmission electron microscopy (TEM) images of the fiber a)
and b) correspond to different resolutions.
Source: Garciaet al. 2013

1.9 Biological treatments

Biological treatments processes (aerobic and anaerobic digestion) have been widely
studied around the world (Ahring, 2003; Haug, 1993). Biological processes are
known to have severa advantages over landfilling. These advantages include the
reduction of waste volume, waste stabilization, pathogens elimination and production
of biogas for energy use in the case of anaerobic digestion. Depending on its quality,
the final product of these processes can be used as fertilizer and or soil amendment
(Haug, 1993). Composting is an aerobic biological process, in which the organic
fraction is stabilized. As results of the process, CO, will be released to the
aimosphere. While, anaerobic digestion is a biological process in which
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microorganisms decompose the organic fraction of the MSW in the absence of
oxygen, producing biogas. Methane and carbon dioxide form the major portion of the
biogas, other gases such as non-methane organic compounds and sulfur gases also

form in small amounts (Hanandeh and El-Zein, 2010).

1.9.1 Aerobic process (composting)

Composting refers to the purposeful and controlled decomposition of organic matter
by microorganisms into a stable humus material known as compost. According to
Haug (1993), composting is “the biological decomposition and stabilization of
organic substrates, under conditions that allow development of thermophilic
temperatures as a result of biologically produced heat, to produce afinal product that
is stable, free of pathogens and plant seeds, and can be beneficially applied to land”.
This definition highlights the main characteristics of this process, which has been
successfully applied to a lot of typologies of organic waste, including the organic
fraction of MSW. The fina production of a good end product is directly related to the
quality of raw materials, which in the case of MSW, implies a separate collection of
the organic fraction (European Commission, 2008).

1.9.2 Composting process

In the composting process it is important to maintain the biological, chemical and
physical requirements of microorganisms to obtain the optimum degradation levels
throughout the stages of the process. There are two phases in the composting process,
a decomposition or high-rate phase and the curing phase. The first stage is a high-rate
phase because during this stage the decomposition activity of the feedstock into
simpler compounds by microorganisms is intense and, as a result of the metabolic
activities, heat is produced (Hang, 1993). This stage is also characterized by high
oxygen uptake rates. Two ranges of temperatures are identified in the decomposition
phase, the mesophilic in which microorganisms grows at temperatures between 23
and 45 °C. These organisms use available oxygen to transform carbon from the
composting feedstock to obtain energy and organic materials to build new biomass
and, in the process they expel carbon dioxide and water. When temperatures

approaches 45 °C, mesophilic microorganisms die or become dormant. Over 45 °C
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star the thermophilic phase (between 45 to 70 °C). This phase is preferred than
mesophilic for two reasons: it promotes rapid composting and it destroys pathogens
and weed seeds. The activity of thermophilic microorganisms generates greater
quantities of heat than that of mesophilic leading to higher temperatures in the
composting mass.

The curing phase, also known as finished phase, is characterized by slow degradation
because the nutrients available to microorganisms have been depleted (Adani et al.,
1997). As a conseguence of the slow activity during this phase, temperature decreases
and the texture of the material becomes dry and powdery. At the end of this phase the
material is considered stabilized or mature, which is the reason that this phase is also
known as the maturation stage. The Figure 1.10 shows the range of temperatures of

the composting process.
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Figure 1.10 Phases of the composting process
Source: Adapted from Cadena (2009)

1.9.3 Physical, chemical and biological parameters of compost

Severa parameters determine the chemical environment for composting, principally
carbon and nutrient balance, moisture, oxygen, temperature, pH and particle size.
Table 1.2 summarizes the main features of compost and reference parameters for each

indicator.
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Table 1.2 Parametersfor final compost and reference values

Recommended
value

Par ameter

Microorganisms require specific nutrient balance in an available form, proportion and proper
concentration to perform the compostin efficiently. In compost systems C and N are usually the|
limting factors for efficient decomposition. High C:N ratios (i.e. low C and high N) initially 15:30
accelerates microbial growth and decomposition. Excess of N causes high release of ammonia and
can cause result in atoxic environment for the microbial population, inhibiting the process.
Microorganisms require moisture to absorb nutrients, metabolize and produce new cells because
they can only use organic nolecules if they are dissolved in water. Under constion of low|
humidity, the composting process slows down. High moisture conditions can reduce and even
stop the transfer of oxygen air-filled process. Below 20% humidity, very few bacteria are active.
The main functions of aereation in composting processes are to supply the oxygen needed by
aerobic microorganisms, to facilitate the regulation of excess moisture by evaporation and to
meintain the proper temperature. To support microbial activity, there must be many available pores 10-15%
in the material to serve as air chambers. Oxygen cab be provided throughout the turning and
mixing of the material by using force aeration systems.

When aeration is controlled, the temperature in the compost pile is determined by the level of
activity of the heat-generatiing microorgnanisms. The efective temperature in the process is
between 45 and 59 °C. Temperatures below 20 °C inhibit the activity of microorganisms lowering
their decomposition capacity. Although composting ocurrs within a range of temperatures, the|
optimum temperature range of thermophilic microorganisims is preferred because it promotes rapid
composting and it destroys pathogen and weed seeds.

The optimal pH for biological process is normally in the range of 6 to 7.5 for bacteria and 5.5 to 8|
for fungi. If the pH is below 6 microorganisms, particularly bacteria, die off and decomposition
slows down. If the pH rises aove 9, ammonium becomes amnmonia, which is toxic for
microorganisms

The optimum particle size is that providing enough surface area for rapid microbial activity, but
FENeIEE LTl also  enough void space to alow air to circulate for microbial respiration and meterial
filled porosity decomposition. The particles should be large enough to prevent compaction, thus excluding the|
oxyen in the voids.

Carbon balance and
nutrients (C:N ratio)

Moisture 40-60%

Temperature 45-592C

6-75

25-30%

Microorganisms require specific nutrient balance in an available form, proportion and
proper concentration to perform composting efficiently. The essential nutrients that
microorganisms require in a large quantity include carbon (C), nitrogen (N),
phosphorus (P) and potassium (K). In composting systems C and N are usually the

limiting factors for efficient decomposition (Richard, 1992).

1.9.3.1 Full-scale biological treatments considered for the treatment of the
organic fraction

Nowadays, the OFMSW (i.e. OF) treatment involves technologies such as
composting or anaerobic digestion that result in the degradation and stabilization of
organic matter and mass and volume reduction (Haug, 1993; Richard, 1992). For
purposes of this dissertation, due to its physical-chemica and biological
characteristics, OF from autoclaving unsorted MSW was assimilated to OFMSW.
Therefore, OF was processed through biological processes (aerobic and anaerobic
digestion). For the current case study, after the autoclaving process, the mixed waste
is passed through sorting equipment that separates OFs from other sub-products
(Figure 1.8). In this study, the OF produced through autoclaving was processed using
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aerobic and anaerobic digestion technologies. For this purpose, data from full-scale
facilities that treat the OFMSW located in Barcelona, Catalonia, were adapted to the
current case study. The full-scale facilities’ technologies that were studied included
composting in confined windrow (CCW), composting in tunnels (CT) and
composting in turned windrow (TW) as well as anaerobic digestion for thermophilic
and mesophilic ranges (ADC-T and ADC-M). Data on energy and emissions for these
full-scale facilities were taken from previous studies carried out by Group

d’Investigacié en Compostatge at the Universidad Autdnoma de Barcelona.

1.9.4 Technologies for aerobic treatments (composting)

The most common composting technologies at industrial or full-scale to treat the
solid waste are: passive piles, turned windrows, aerated static piles and in-vessel
technologies. These technologies differ mainly in the cost of the technology, space
necessities, time required to obtain the compost and process emissions. A brief
description of the biological technologies currently found at European level is shown
in Figure 1.11. Consequently, the biological technologies to treat OF considered in
the case study are the most common currently used in the area of Barcelona. Those
technologies go from the complex ones (composting in vessel) with a high
economical investment up to the ssmplest ones (passive piles) which are characterized

by alow investment.
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Complexity  Technology

High

Low

In-vessel / tunnel
composting

Aeraged static
piles

Turned windrow
composting

Passive piles

Picture M ain features Investment
v'Processis carried ot in fully enclosed structure High

-1 v Aeration, moisture and temperature are autometically controled
v'Container composting system or tunnel composting systems

. Composting duration between 2 to 4 months

v High-cost technology

v'Forced aerated windrows

v'Forcing or pulling air through a trapezoidal compost pile

v Average aerated piles are 2 to 2.6 nt in height

v'Composting duration between 3 to 6 months

v'Medium-cost technology

v'Elongated piles are turned frecuently to maintain aerobic conditions
v'Material is frecuently turnned by mechanical methods
v'Composting duration 3 to 12 months

v'The windrow height is between 1.5 to 1.8 mt

v'The weigth of the windrows is twice of its height

v’ Piles remain static without alteration

v Piles have a delta or trapezoidal cross section

% VIdeal height of windrows 1.5 to 2 mt with awidht of 4.3 to 4.8 mt
v'Low investment technology
v'Composting time > 1 year Low

Figure 1.11 Characteristics of full-scale aer obic technologies

An overview of the main features and operation conditions of the real full-scale

facilities used in the case study are presented in Table 1.3. These characteristics and

operation conditions were by the time the study was carried out. The data for energy

and resources consumption was taken directly from facility managers. Data of energy

and resources was adapted to OF stream. While compost production and biogas yield

were determined at laboratory experimental scale by GICOM. A full description of

data for energy and resources consumptions as well as the emissions of the

composting process and other related data are presented in chapter 2.
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Table 1.3 Main characteristics of the full-scale facilities
Facility cT! ccw? TW? ADC*
Main e
bi ol ogi cal Composting Composting Composting Anaerobic d gestlon
plus composting
process
Decomposition . Aereated confined Turnned windrow Anaer.obl cd gest! on
hase In-vessel composting windrow compostin composii (solid phase) +in
P Posting Posting vessel composting
Curing phase | Aereaedwindrow Turned windrow Turned windrow Turned windrow
Closed except
Type of facility maturantion and Completely open Completely open Completely closed
storage zones
Exhaust gas Wet scrubber + Wet scrubber +
treatment biofilter Not pr Not present biofilters
Waste treated 7,435 o1 3,000 17,715
(tonnes/year)

"Datafor the case study were taken from these full-scale facilities
CT: Composting in tunnels
2CCW: Composting in confined windrows

*TW: Turned windrow composting
“ADC: Anaerobic digestion + composting

1.9.5 Home composting

The home compost represents an alternative for the sustainable use of the organic
matter from MSW. Additionally to the aerobic technologies (full-scale composting
facilities) explained in section 1.9.4, home composting is another option for the bio-
waste treatment. Like full-scale composting facilities, home composting has some
advantages such as the production of a nutrient-rich humus-like material for use on
soil as a substitute for fertilizer and/or for peat in growth media (Andersen et a.,
2010). One main advantage of home composting regarding large scale compositing
facilities is that no external energy is required for transport or processing (Fisher,
2006).
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The two home composts used for the case studies aforementioned were
experimentally produced by GICOM. The first home compost quality with high
gaseous emission during the composting process was applied to horticultural crops. A
second kind of home compost with low emissions was produced and compared with
home compost with high emissions. Results of this comparison are presented as case
study broadly explained in chapter 4. The aim of this comparison was to study the
consequences of the compost emissions in the environmental performance of
horticultural crops. Figure 1.12 shows a composter used for the compost production.
More details of experimental methodologies use for the production of these home
Ccomposts, gaseous emissions measurements and resources consumption are explained

in related chapter where they were used (i.e. chapters 3,4 and 5).

Figure 1.12 Composter used for the experimental composting production

1.9.6 Anaerobic digestion

Since the early 2000 the number of thermophilic anaerobic digestion plants treating
organic wastes has increased significantly in Europe (Martin-Gonzalez et al., 2001).
Anaerobic digestion is another biological process that has been used for over 100
years to stabilize materials such as wastewater sludge, MSW and other industrial
refuses (Ferrer et a., 2008; Burke, 2001). Anaerobic digestion is a biological process
in which the biodegradable matter is degraded or decomposed in the absence of
oxygen using specific microorganisms that produces biogases than can be used for
energy production (Adani et a., 2001; Chynoweth et al., 2001). As shown in Table
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1.4 and Figure 1.13, in brief the anaerobic digestion consists of four main stages:

hydrolysis, acidogenesis, acetogenesis and methanogenesis.

Table 1.4 Anaerobic digestion process stages

Sage Description Refer ence
Inthis stage, the undissolved amd complex organic molecules|Ponsaet d., 2008);
Hydrolysis are fragmented into simpler compounds (amino acids, fatty |Pavostathis and Giral do-
acids, dcohols and CO,) Gbmez, 1991)

This stage involves the transformation of hidroglyzed
compounds into volaile faty acids (aminly acetate,
propionate and butyrate), acohols and other products
including anmonia, hidrgoen and carbon dioxide. The bacteria
in this stage are facultative and proteolytic bacterial
(Clostridium, Becillus, Pseudonomas and Micrococcus)

In this stages dcohols, faty acids, and aromatic compounds
are degraded to produce ecetic acid, carbon dioxide and
hydrogen-substrates that will be used by methanogenic
bacteriain the find abaerobic digestion stage

During this stage, anaerobic methanogenic microorganisms
transform organic products in the earlies stages (ecetate,
carbon dioxide, methanol, hydrogen and some methylamine)
into methane

Acidogenesis Madiganet d., 1998

Archer, 19983

Acetogenesis

Methanogenesis Madigan et d.,1998

Organic matter

" Proteins  Carbohydrates  Lipids

g

T ¢ _—— —_—

B3 . . Long chain faity +

i .g Amino acids, sugars i [ H,+CO,
Acidogenesis

Simple organic compounds
Volatilefatty acids + CO,+ H,0O

Acetanogenesis

Methanogenesis

CH,+ CO, CH,+H.,0

Figure 1.13 Anaerobic digestion process stages
Adapted from Col6n (2012)

The full-scale anaerobic digestion process considered in this dissertation (chapter 2)
as another technology to treat OF is based on DRANCO (DRy ANaerobic
Composting, OWS, Belgium) technology (Figure 1.14). It is a dry process at
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thermophilic temperatures (50-55 °C). The digester mixing is provided by the
recirculation of the digested material (digestate). The retention time is 22 days and
the digester capacity is 1700 m®.

Figure 1.14 Anaerobic digestor (DRANCO technology)
Sour ce: Juniper Consultancy Service (2005)

1.10 Reference technologies (incineration and landfill)

In order to compare the environmental performance of the studied systems
(autoclaving + sorting + biological treatment) two well-known technologies (i.e.
incineration and landfill) were considered as reference. These technologies are used
in EU and represent the two main management options for waste. Incineration and
landfill are the only treatment methods that can handle mixed household waste
(Erickson, 2005). In this dissertation, incineration and landfill were assumed as fina
fate of the entire unsorted MSW stream. Incineration and landfill technologies were
just used as reference systems for comparison purposes with the systems (autoclaving
+ sorting + biologica treatments) which considered the biological treatment of the
OF. Both technol ogies were modeled according to the ecoinvent database v2.2 (Swiss
Centre for Life Cycle Inventories, 2010). The processes of the ecoinvent database for
those technologies were modified and adapted for the current case study. The
modifications to data mainly were made in energy recovery in which efficiencies for
electricity and heat conversion were changed for both aternative treatments

(incineration and landfill).
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1.10.1 Incineration

Incineration is the controlled process of combusting MSW in an oxygen rich
environment. The heat generated from the process can be used to generate power
and/or to heat water for the purpose of district heating (Hanandeh et al., 2010).
Within the incineration process substances contained in waste are oxidized. Burnable
waste is in this way transformed into gaseous substances, while inert waste fractions
remain as a solid residue in form of incineration slag and ashes. Waste incineration
has a number of environmental benefits: reduction of waste volume for final disposal,
the recovery of energy from waste and reduction of emissions from final waste
disposal. On other hand, several disadvantages are attributable to waste incineration.
Incinerators are identified as mayor urban sources of heavy metals, dust, acid gases
and NOy and products of incomplete combustion, such as dioxins and other toxic
organic micro-pollutants. Concern over public health impacts of these emissions led
to the introduction of the 1989 incineration directives, the first community wide
legislation to set minimum environmental standard for waste incineration.

The most common thermal treatment process for MSW is incineration by mass-burn
technology. Fluidized bed incineration and refuse derived fuel systems are less
common in MSW treatment. Fluidized bed systems and multi-hearth furnaces are also
widely used for sewage sludge incineration, while major furnace types for hazardous
wastes incineration are grateless systems such as a rotary kiln furnace, fluidized bed

systems, combustion chamber and multi-hearth furnace (Sabbas et al., 2003).

The incineration process data used in the current study was taken from ecoinvent
database v.2.2 (Swiss Centre for Life Cycle Inventories, 2010) which refers to the
technology mix encountered in Switzerland but well applicable to modern practices
for incineration applicable in Europe. The incineration technology was based on grate
furnace incinerator with a wet flue gas cleaning system. The technology includes a
waste-specific air and water emissions from incineration, auxiliary material
consumption for flue gas cleaning, short-term emissions to river water and long-term
emissions to ground water. In Annex 1.1 there is an overview of the incineration
process, afull explanation of the incineration process can be seen in the reports of the

ecoinvent database v.2.2.
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1.10.2 Landfill

Landfilling is the most common practice of MSW management (Hanandeh, 2010). A
landfill isafacility in which solid wastes are disposed in a manner which limits theirs
impact on the environment. Landfills consists of a complex system of interrelated
components and sub-systems that act together to break down and stabilize disposed
waste over time (FCM, 2004). Modern landfills are highly engineered facilities that
are specificaly designed to stabilize the waste and minimize its hazards to the public
(Rigamonti et al., 2010). Severa countries around the world have issued directives to
minimize the amount of waste sent to landfills. Nevertheless, it is impossible to
eliminate the need of landfills because some materials are thermodynamically
impossible to recycle (Dias and Warith, 2006).

In the case of landfilling of untreated waste, when MSW is landfilled directly,
anaerobic biological degradation produces landfill gas and leachate. Over 90% of the
converted organic carbon is release as CO, and CH,4 (Obersteiner et a., 2007), the
remainder isrelease in the leachate (Binner, 2003).

In practice, severa definitions of landfill can found in literature. Damgaard et al.,
2011 in a LCA of landfill technologies define three archetypes: 1. the dump landfill;
2. the simple conventional landfill and 3.the energy-recovery conventional landfill.
The dump archetype could be open dump or covered dump. The open dump
represents the theoretical worst case of alandfill with no measures to control |eachate
or gas. The covered one is a dump that is supplied with alow quality soil cover and
vegetation after filling section. This results in a reduced |eachate generation since the
soil cover can hold some water for evapotranspiration from the wet period to the dry
period of the year. The simple conventional landfill has introduced a bottom liner,
leachate collection and leachate treatment. The top cover is of higher quality than for
the covered dump and therefore it is able to provide a superior oxidation of gas
constituents. The gas may migrate through the top cover or be collected and managed
by biofilters or by flares. The energy-recovery conventional landfill represents the
most advanced conventional landfill, where the gas is collected and used for energy

production. The design is similar to the simple conventional landfill, but the collected
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gas is here used for energy production. Figure 1.15 shows an engineered landfill gas

with landfill gas (LFG) collection and energy recovery.

Energy Landfill Cover
generation gas blower system Leachate
injection
system

Landfill

gas flare Gas collection
s flare

system

Leachate Environmental
recirulation monitoring

w.__Leachate
removal

Daily / Interim
cover

Waste lifts

\Gmundwater protection
- Natural attenuation

- leachate containment
- leachate collection

Figure 1.15 Conventional landfill with ener gy-recovery system
Source: FMC, 2004

Landfill was the second options considered as reference technology for the final fate
of the unsorted MSW. Landfill as well as incineration, was considered as reference
systems to compare the environmental results of the systems comprised of
autoclaving, sorting and the biological treatment (i.e. aerobic and anaerobic digestion)

in which OF resulting from the autoclaving unsorted M SW was processed.

1.10.2.1 Technical characteristics of the landfill technology

In the current case study, landfill data was taken and adapted from the ecoinvent
database v 2.2 (Swiss Centre for life Cycle Inventory, 2010). According to ecoinvent
database v2.2, landfill includes the processes of: waste-specific short-term emissions
to air via landfill gas incineration and landfill leachate. Landfill includes base sedl,
leachate collection system and treatment of leachate in municipal wastewater
treatment plant, and landfill gas collection system for energy recovery. Recultivation
and monitoring for 150 years after closure aso was considered. Ecoinvent database
contains afull description of the landfill technology used in the dissertation.
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1.11 Agricultural considerations

Agriculture currently accounts for 10-12% of the total global anthropogenic
greenhouse gas (GHG) emissions generated worldwide (Smith, 2007) which is very
close to the 13.5% considered in the IPCC (2007).

Traditional farming practices have been declining in the last years to spread intensive
agriculture. The loss of traditional farming practices to spread intensive agriculture
has led to many environmental problems, of which the European Environmental
Agency (EEA, 2012) highlights soil erosion, water pollution, over-exploitation of
water resources, loss of biodiversity, pesticide-born damage and risk for human
health.

Furthermore, agricultural intensification involves increased fertilization; in most
cases there is a large response to nitrogen fertilization measured as crop yield
(Martinez, 2012). As the cost of fertilizers is often small compared of the cost of lost
yield, farmers prefer over-fertilization of crops with nitrogen rather than risking
under-fertilization and consequent loss of revenue (Del amor, 2007). However,
excess nitrogen may result in lodging, greater weed competition and pest attacks,
with substantial losses of production.

1.12 Shortage of organic matter in soil: a relevant issue

Thereis an increasing concern about soil interrelated environmental problems such as
soil degradation, desertification, erosion, and loss of fertility (European Commission,
2006c¢). These problems are partially consequences of the decline in organic matter
content in soils. Van-Camp et al. 2004 considers that a level of 2% of soil organic
carbon (SOC) is commonly considered desirable for maintaining good soil structure
for organic activities. According to European Soil Bureau (2012) it is estimated that
45% of European soils have low (<2%) soil organic matter content, principally in
southern Europe, i.e. in the Mediterranean regions, but also in others areas of UK,
France, Sweden and Germany (European Commission, 2006¢)

In Spain, the situation is more critical due to it is estimated that 50% of agricultural

land and pastures have less than 1.7% of organic matter in soil. Therefore, thereis a
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real risk of desertification by 50% of agricultural land and pastures in Span
(European Commission, 2006).

The European Commission adopted the Soil Thematic Strategy (European
Commission, 2006a) with the objective to protect soils across the EU. The draft Soil
Framework Directive (European Commission, 2006b) imposes the obligation for
member states to design programmes of measures to prevent organic matter decline
(Martinez, 2012).

1.13 Sustainable agriculture

In simplest terms, sustainable agriculture is the production of food, fiber, or other
plants or animal products using farming techniques that protect the environment,
public health, human communities, and animal welfare. This form of agriculture
enables us to produce healthful food without compromising future generations’
ability to do the same. Organic farming can be defined as a method of production
which places the highest emphasis on environmental protection and, with regard to
livestock production, on animal welfare considerations. Organic farming is
considered by EU as a main driver to promote sustainability in agriculture. It avoids
or largely reduces the use of synthetic chemical inputs such as fertilizers, pesticides,
additives and medicinal products. The production of genetically modified organisms
(GMOs) and their use in animal feed are forbidden (Eurostat, 2014c). Farming is only
considered to be organic at the EU level if it complies with Council Regulation (EC)
No 834/2007 (EU, 2014) and Commission Regulation (EC) No 889-2008, which has
set up a comprehensive framework for the organic production of crops and livestock
and for the labelling, processing and marketing of organic products, while also
governing imports of organic products into the EU. The detailed rules for the
implementation of this Regulation are laid down in Commission Regulation (EC) No
889/2008. According with this regulation, organic farming should primarily rely on
renewable resources within locally organised agricultural systems. In order to
minimise the use of non-renewable resources, wastes and by-products of plant and
animal origin should be recycled to return nutrients to the land (EU, 2014).

In the last years, EU countries have been changing from conventional agriculture to
organic, athough this trend has been very slow for the last decade. The Figure 1.16
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shows that area under organic farming for EU-27 countries was of 5.2%, 5.5% and
5.8% for 2010, 2011 and 2012, respectively. Likewise, Austria, Estonia, Check
Republic and Sweden are the countries having the largest land cover as organic
farming (above of 12% of total cultivated areas) in EU.
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Figure 1.16 Percentage of area regarding total cultivated area under organic farming in EU-27
Period: 2010-2012
Source: Eurostat 2014
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1.14 Sustainable use of organic waste in agriculture

The increase in waste generation due to a massive growth of industrial activities,
population and urban planning, is becoming a global problem in developed countries
due the rapid collapse of landfills and the high impacts related to biowaste dumping
(Martinez-Blanco, 2012) (Figure 1.17).

Industrial
activities
increasing
Population v rbgn
planning
Increase
waste
gener ation
landfills to waste
dumping

Figure 1.17 Causes and effects of waste generation

Furthermore of the mentioned problems related to waste generation (i.e. collapse of
landfills and impacts), the shortage of organic matter in soils and the prices increasing
of fertilizers' make compost a suitable option for the treatment of organic fraction

from municipal solid waste.

! The average prices of mineral fertilizers increased about 91% from 2005 to 2011 (Martinez-Blanco,
2012).
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Figure 1.18 Compost a suitable alter native for the organic waste treatment
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1.15 Objectives of the thesis

The main two objectives of this dissertation are the environmental assessment of a
new technology for the treatment of unsorted municipal solid waste, and the
environmental assessment of the organic matter cycle to produce compost which was
applied in horticultural crops. In order to achieve those objectives, the following

specific aims were addressed:

1. To assess the environmental performance of new technology for the treatment
of the organic fiber resulting from unsorted municipal solid waste.

2. To assess the environmental and agronomical performance of three
fertilization treatments (organic and mineral) applied in horticultural open

field crops.

3. To compare the environmental performance of two home composts with low
and high gaseous emissions of the composting process applied in horticultural

crops.

4. To determine the environmental assessment of a crop sequence of tomato and

cauliflower and to close an entire horticultural cycle.

In Table 1.5 are shown the main actions devel oped to achieve the general and specific

objectives.
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Table 1.5 Actionsto achieve the general and specific objectives

Objectives Actions

1. To assess the environmental
per for mance of new technology for
the treatment of the organic fiber
resulting from unsorted municipal

solid waste.

1.1 To study operational conditions of the new autoclaving
technology for the pretreatment of unsorted municipal solid
waste.

12 To quantify the energy requirement and resources
consumption of autoclaving process.

1.3 To prepare afull mass balance of material and energy from
the entire system comprised of autoclaving, sorting and
biological treatment.

1.4 To evaluate through biological treatments (i.e. aerobic and
anaerobic) the organic fiber resulting from the autoclaving
unsorted municipal solid waste.

1.5 To compare using LCA methodology the environmental
performance of the systems (autoclaving + sorting + biological
treatment) with two of the most traditional waste management
options: landfill and incineration.

1.6 To assess through a sensitivity analysis the variables the
most affected the environmental performance of the systems
(i.e. the lower heating value of waste and conversion
efficiencies for energy (electricity and heat) recovery from the
waste combustion process.

2. To assess the environmental and
agronomical performance of three
fertilization treatments (organic
and

mineral) applied in

horticultural open field crops:

2.1 To study the entire organic matter cycle since collection,
transportation, compost production and its application in
horticultural crops, and also the cycle of mineral fertilizers.

2.2 To quantity the yield and quality parameters (weight and
fruit diameters) of crops fertilized with organic (industrial and
home compost) and mineral fertilizers.

23 To determine the bioactive substance content in
cauliflower crops fertilized with organic and minera fertilizers

2.4 To determine the best fertilization option in agronomical
and environmental terms.

2.5 To demonstrate the suitability of compost as mineral
fertilizer subgtitute in crop.

3. To compare the environmental

performance of two home

composts with low and high

3.1 To determine the consequences of different values of the
gaseous emissions of the composting process in the
environmental performance of agricultural systems.
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Objectives Actions

gaseous  emissions  of the
3.2 To highlight the relevance of the management compost
production stage in the environmental assessment of
horticultural crops. horticultural crops.

composting process applied in

3.3 To identify the critical variables of the composting process
that most affect the gaseous emissions emitted during the
compost production.

4.1 To close organic matter cycle in a crop sequence of
cauliflower and tomato through the collection, transportation
production, waste management and application of fertilizersin
crops.

4. To determine the environmental
assessment of a crop sequence of | 4-2 To compare the environmental assessment of individual
) crops (cauliflower and tomato) with the entire crop sequence
tomato a.nd Cau“ﬂOWer and to (sjm Of |mpactsof both Crops)_

close an entire horticultural cycle. ) ) ]
4.3 To assess the impact in horticultural systems of two
methodologies to allocate organic fertilizers (compost) to
crops.

4.4 To caculate a nitrogen balance taking into consideration
the different nitrogen inputs and the nitrogen uptake by crops.
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1.16 Methodology

This section presents the main methodol ogy aspects included in the dissertation. First,
an overview of the general methodology applied is described. As second part, it was
included the theoretical elements that comprise the Life Cycle Assessment
methodology (LCA). Then, an overview of the main analytical methods used to
obtained data used in the case study is presented. The methodology was structured as

follows:

e Genera methodology

e Environmental and sustainability assessment tools

e Lifecycle assessment methodology and related subjects
e Experimental methodology for data collection

1.17 General methodology

As shown in Figure 1.19, the general methodology applied for the case studies was
based on the LCA methodology. The thesis was structured in four main case studies
following the LCA methodology in accordance with the 1ISO 14040 and 14044. For
the first three case studies (chapter 2, 3 and 4) the CML 2001 (Centre of
Environmental Science of Leiden University) methodology was used for the
environmental impacts calculations and the fourth was made with ReCipe 2008.
ReCipe emerged as new methodology, in the year of 2000 after a SETAC meeting in
order to harmonize the CML midpoint and the Pré endpoint approach into a single
and consistent methodology. The software SimaPro v 7.3.2 and 7.3.3 developed by
Pré Consultants was used for the calculation of the environmental impacts and the
data were processed with the Excel spreadsheet for the graphics modules and for the
calculations. As presented in Figure 1.19 the LCA’s (i.e. case studies) were
developed from the period of 2011 to 2014 which corresponds to the thesis duration
period.
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CASE STUDY 1 i CASE STUDY 3
The application of LCA METHODOLOGY Life cycle assessment

alter natives methods of two home
for treating organic Goal and scope composts with low
fiber from and high gaseous

autoclaving unsorted Live CycleInventoryl4s#| Interpretation egg‘l'%r)‘s

Impact assessment

CML 2001 ReCipe 2008

CASE STUDY 2 CASE STUDY 4
Environmental Life cycle assessment

assessment of three of a crop sequence of

fertilizersapplied in il tomato and

horticultural crops SimaProv 7.2.2-3 cauliflower
(2012) (2014)

Figure 1.19 General methodology applied to the case studies

*Note: Case studies correspond to thesis chapters presented as articles published or in process to be
published in scientific journals.

Furthermore apart from the LCA used as core for the environmental assessment,
several analytical methods were used for data collection for the inventories to do the

environmental assessments.

1.18 Life cycle assessment methodology

LCA is atool for evaluating environmental effects of a product, process, or activity
throughout its life cycle or lifetime, which is known as a ‘from cradle to grave’
analysis. LCA is a robust-scientific tool nowadays broadly used for several purposes
such as comparison of alternative products, processes or services; comparison of
aternative life cycles for a certain product or service and identification of parts of the
life cycle where the greatest improvements can be made.
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1.18.1 Definitions

LCA isatool for the systematic evaluation of the environmental aspects of a product
or service system through all stages of its life cycle. LCA provides an adequate
instrument for environmental decision support. The International Organisation for
Standardisation (1SO), a world-wide federation of national standards bodies, has
standardised this framework within the series 1ISO 14040 and 14044 on LCA. LCA
takes into account a products full life cycle: from the extraction of resources, through

production, use, and recycling, up to the disposal of remaining waste.

The two most known definitions found in literature are from SETAC and the 1SO
14044. Therefore, according to the Society for Environmental Toxicology and
Chemistry (SETAC, 1993): "Life Cycle Assessment is a process to evaluate the
environmental burdens associated with a product, process, or activity by identifying
and quantifying energy and materials used and wastes released to the environment; to
assess the impact of those energy and materials used and releases to the environment;
and to identify and evaluate opportunities to affect environmental improvements. The
assessment includes the entire life cycle of the product, process or activity,
encompassing, extracting and processing raw materials, manufacturing, transportation
and distribution; use, re-use, maintenance; recycling, and final disposal.” According
to 1SO 14044, “LCA considers the entire life cycle of a product, from raw material
extraction and acquisition, through energy and material production and
manufacturing, to use, end of life treatment, and final disposal. Through such a
systematic overview and perspective, the shifting of a potential environmental burden
between life cycle stages or individual processes can be identified and possibly
avoided”.
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1.18.2 Phases of life cycle assessment
As shown in Figure 1.20, 1SO 14040-14044 states the four main phases in an LCA
study:

a. Thegoa and scope definition phase
b. Theinventory analysis phase
C. Theimpact assessment phase

d. Theinterpretation phase

Life Cycle Assessment Framew ork
Interpretation phase
goal and - ~,
sCOpE
definilziun - 1 Identification of
significant issues
-
2 evaluation by: direct applications:
- completeness chech - product
- sensitivity check development
Inventory - consistency check and improvement
analysis | - other checks - strategic planning
- marketing
- other
e + A \_
conclusions,
Impact recommendations
aASSE5Ss - and reporting
ment [~
i y
b "y

Figure 1.20 Life cycle assessment phases
Source: 1SO 14044

1.18.3 Goal and scope definition

Goal definition and scoping is perhaps the most important component of an LCA
because the study is carried out according to the statements made in this phase, which
defines the purpose of the study, the expected product of the study, system
boundaries, functional unit (FU) and assumptions. Furthermore, the goal of an LCA
states the intended application, the reasons, the intended audience — i.e. to whom the
results of the study are intended to be communicated -, and whether the results are

intended to be used in comparative assertions (1SO, 2006).
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The scope of an LCA should be sufficiently well defined to ensure that the breadth,
depth and detail of the study are compatible and sufficient to address the stated goal.
The scope includes (a) the description of the system under study, (b) its functions, ()
the functional units, (d) the system boundaries, (€) the allocation procedures rules, (f)
the methodology of impact assessment and the selected impact categories, (g) data
requirements, (h) assumptions established and limitations, and other requirements
(1SO, 2006).

The system boundary of a system is often illustrated by a general input and output
flow diagram. All operations that contribute to the life cycle of the product, process,
or activity fall within the system boundaries. The purpose of FU is to provide a
reference unit to which the inventory data are normalized. The definition of FU
depends on the environmental impact category and aims of the investigation. The

functional unit is often based on the mass of the product under study.

1.18.4 Life cycle inventory analysis (LCI)

In this phase all emissions released into the environment and resources extracted from
the environment along the whole life cycle of a product are grouped in an inventory.
Energy and raw materials consumed, emissions to air, water, soil and solid waste
produced by the system under study are split up into severa subsystems and unit
process, and the data obtained is grouped in different categories in a LCI table. The
main steps identified in LCIA phase are data collection, the identification of relevant
and non-relevant elements, mass and energy balance, and allocation of the system
burdens. The data should include all inputs and outputs from the processes. Inputs are
energy (renewable and non-renewable), water, raw materials, etc. Outputs are the
products and co-products, and emission (CO,, CH4, SO,, NOy and CO) to air, water
and soil (total suspended solids: TSS, biological oxygen demand: BOD, chemical
oxygen demand: COD and chlorinated organic compounds. AOXs) and solid waste
generation (municipal solid waste: MSW and landfills).

Data sources for inventory are indicated in each chapter. Data were from severa
research groups. Group d’Investigacidé en Compostatge (GICOM), Sostenipra
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Research Group at the Universidad Autonoma de Barcelona; Institut of Research in
Agrifood (IRTA) and external laboratories.

1.18.5 Impact assessment

The life cycle impact assessment (LCIA) aims to understand and evaluate the
magnitude and significance of the potential environmental impacts for a product
system throughout the life cycle of the product (1SO, 2006). The LCIA phase shall
include the following mandatory elements. selection of impact categories, category
indicators and characterization models; assignment of LCI results to the selected
impact categories (classification) and calculation of category indicator results
(characterization). The classification is the process of grouping the different elements
(e.g. energy, water and materials consumed) of an LCI into a common impact groups
(e.g. CO,, N2O, SO;, €etc.). In waste management systems, for example, the gaseous
emissions of the composting process are classified according the main pollutant
element (i.e. CH4, N2O, NH3 and VOc’s). Now, characterization is the process of
assignment of the magnitude of potential impacts of each inventory flow into its
corresponding environmental impact (e.g. modelling the potential impacts of carbon
dioxide and methane in globa warming potential). The characterization provides a
way to directly compare the LCI results within each category. In our case studies,
biological treatments can be compared by its contribution to global warming potential
category due to methane and nitrous oxides emissions from its production process.
Figure 1.21 shows the different steps for the impact assessment for the general case

and for an example based on biological treatment.
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Figure 1.21 Phases of L CIA with a biological treatment example

1.18.6 Interpretation

Life cycle interpretation is the final phase of the LCA procedure, in which the results

of an LCI or an LCIA, or both, are summarized and discussed as a basis for

conclusions, recommendations and decision-making in accordance with the goal and

scope definition.

This phase may also involve the reviewing and revising of the goal and scope, as well
as the nature and quality of the data collected. As depicted in Figure 1.22 and in
accordance with 1SO 14044, the life cycle interpretation phase of an LCA or LCI

study comprises several elements:
e Identification of the significant issues based on the results of the LCI and
LCIA phases of LCA.

e Evaluation that considers completeness, sensitivity and consistency checks.

e Conclusions, limitations, and recommendations

a7



Chapter 1 Introduction, methodology and objectives

Lie cycle asssssmant framewark

' IraapraLon Ty
Bl
L]
defindion | 1
Evabuation bns
- ™ - complsteniss
Fdontifcation of check
et T Y sanE Ty Chisck:
1 - el - COMERSNCY Chick;
- olfwer chacks.
[ -
IRy
|
1 Direct
appllcations
—q-"] - Produst
derveingmont and
Concusions, imikatons and moommendations Improsment;
Shrabegic

== e
1l Pulilic polcy
maiing:
= e J Markatrg
- (At

Figure 1.22 Interpretation phases and itsinterrelation with the other phases
of LCIA
Source: 1SO 14044

1.19 Selection of methods and impact categories

In the current dissertation, the impact categories selected for the characterization
factors applied to each impact category are those proposed by the CML 2001
methodology, which was based on CML Leiden 2000 developed by the Centre of
Environmental Science of Leiden University (Guinée et a. 2001) and ReCipe 2008
methodology. CML 2001 was used for the three first case studies (chapters 2, 3 and
4) and ReCipe 2008 was used for the fourth case study. In practice, there are
minimum differences between CML and ReCipe for midpoint categories, however, in
order to have an updated methodology for the impact assessment and per journa
reviewer recommendations it was decided to develop the last research (i.e. case study
4) with ReCipe 2008 instead of CML 2001. The Cumulative Energy Demand — CED
(Jungbluth and Frischknecht, 2004) as energy flow indicator was aso calculated in
the environmental assessment for the four case studies. Table 1.6 presents the
categories selected for the environmental assessment for the two mentioned
methodol ogies.
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Table 1.6 Impact categories considered for CML 2001 and ReCipe

methodologies
Acronym Category Description Gegot’z:“ ¢
It is concerned with the protection of human welfare, human health and ecosystem
Abiotic health. It is related to the extraction of minerals and fossils fuels due to imputs into
ADP Depletion the system The Abiotic Depletion Factor (ADF) is determined for each extraction of[Gobal scale | kg Sb eq.
Potential minerals and fossil fuels based on concentration reserves an the rate of
deaccumulation.
Acydifying substances cause a wide range range of impacts on soil, groundwater,
e . ; . S Local and
AP AC|d|f|pat|0n _surfacew::_ner, organisms, ecos_ystems and materials (bundmgs).APfac_to_remssmns continental kg 0 eq
Potential into the aire are calculated with the adapted RAINS 10 model, describing the fate| scale 2
and deposition of acidifying substances.
Eutrophication (also known as nutrification) includes all impacts due to excessive
- . . . o ) Local and
EP Eutroplhlcatlon !a/els of rr?cro—nutrlents in the enwrprm‘gnt caused py the em55|on of nutrients continental kg PO eq.
Potential into the air, water and soil. Nutrification potential (NP) is based on the| scale 4
— stoichiometric procedure of Heijungs (1992).
8 It can result in adverse affects upon ecosystem health, human health and material
N Global welfare. Climate change is related to emissions of greenhouse gases to air. The|
= GWP Warming characterization model as developed by the Intergovernmental Panel on Climate|{Global scale |kg CO, €q.
= Potential Change (IPCC) is selected for development of characterization factors. Factors are|
©) expressed as Gobal Warming Potential for time horizon 100 years (GW P100).
Because of stratospheric ozone depletion, a larger fraction of UV-B radiation
Ozone Layer Leea;:hr?s the ea_r‘;lh SLi‘rface. This can have h;\_mf:l effz;ts ulpon hL(ijan healt.r;] an_ll_r:aj
) th, terrestrial and aquatic ecosystems, biochemical cycles and on materials. This
OLDP Soegi:;n category is output-related and at global scale. The characterization model is| Gobal scale kg CF €q.
developed by the World Meteorological Organisation (WMO) and defines ozone|
depletion potential of different gasses.
Photo-oxidant formetion is the formation of reactive substances (mainly ozone)
Photochemical which are injurious tlo hurr@n heaJth ar?d Sosysterrs and”whilch also may darrgge Local and
POP Ovidation crops. This prob_lem is also indicated Wlth summer smog_, Winter smog is outside continental kg CH eq.
Potential the scope of this category. Photochemical Ozone Creation Potential (POCP) for| scale 2014
emission of substances to air is calculated with the UNECE Trajectory model
(including fate).
It can result in adverse affects upon ecosystem health, human health and material
welfare. Climate change is related to emissions of greenhouse gases to air. The|
CcC Climate Change |characterization model as developed by the Intergovernmental Panel on Climate|Global scale |kg CO2 eq.
Change (IPCC) is selected for development of characterization factors. Factors are|
expressed as Gobal Warming Potential for time horizon 100 years (GW P100).
Photochemical The characterization factor of photochemical oxidant formetion is defined as the|Local and
POF Oxidation marginal change in the 24h-average European concentration of ozone (dCO3 in|continental |kg NMVOC
Formation kg-m-3) due to a marginal change in emission of substance x (dMx in kg-year—1). scale
Atmospheric deposition of inorganic substances, such as sulfates, nitrates, and
phosphates, cause a change in acidity in the soil. For almost all plant species there|
8 Terrestrial is a clearly defined optimum of acidity. A serious deviation from this optimum is|Local and
8 TA Acidification |@mul for that specific kind of species and is referred to as acidification. As alcontinental kg SO, eq.
[} result, changes in levels of acidity will cause shifts in species occurrence|scale
o (Goedkoop and Spriensmea, 1999, Hayashi et al. 2004). M gjor acidifying emissions are
8 NOx, NH3, and SO2 (Udo de Haes et al., 2002; Hayashi et al., 2004).
o Aquatic eutrophication can be defined as nutrient enrichment of the aquatic|
FEW Freshwater environment. Eutrophication in inland waters as a result of human activities is one| kg p eq
Eutrophication |of the mgjor factors that determine its ecological quality. On the European continent Local and g
it generally ranks higher in severity of water pollution than the emission of toxic )
substances. The long-range character of nutrient enrichment, either through air or| continenta
. . L . X . . scale
ME Marine o nvers,. implies that both |nIand.and marine waters are subject to this f0|_'m of we_\ter kg N eq.
Eutrophication [pollution, athough due to different sources and substances and with varying
impacts.
Fossil The term fossil fuel refers to a group of resources that contain hydrocarbons. The|
FD Deoletion group ranges from volatile materials (like methane), to liquid petrol, to non-volatile|Gobal scale | MJ eq.
P meterials (like coal).
It aims to investigate the energy use throughout the life cycle of agood or aservice.
a CED Cumulative This includes the direct as well as the indirect uses. Characterization factors were| Local scale |MJ eq
O Energy Demand|given for the energy resources divided in: non renewable, fossil and nuclear, :
renewable, biomass, wind, solar, geothermal and water.

Source CML 2001 (Goedkoop et a., 2009) and ReCipe 2008 (Pré Consultant 2010)
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1.20 Allocation procedures in LCA applied in horticultural

SO 14044:2006 defines allocation as the procedure that consist in the partitioning the
input or output flows of a process or a product system between the product system
under study and one or more other products systems. Therefore, many processes
usually perform more than one function or output. The environmental load of that
process needs to be allocated over the different functions and outputs. There are
different ways to make such an alocation. According to ISO 14044:2006 (1SO,
2006), wherever possible, alocation should be avoided by either dividing the unit
process to be allocated into two or more sub-processes or, in second place, by
expanding the product system to include the additional functions related to the co-
products. Where alocation cannot be avoided, the inputs and outputs of the system
should be partitioned between its different products or functions according to

physical relationships.

1.21 Allocation methodology for compost production and organic waste
management

Multifunctional systems are those who consider two or more functions
simultaneously. The waste management is atypical issue of multi-functionality due to
a sub-product (i.e. compost) and energy can be obtained from its treatment. This
allocation problem can be avoided through an expansion of the systems boundaries,
so the system is transformed in a single function (Finnveden 1999; Ekvall and
Weidema 2004). The compost production is considered a multifunctional system due
to it imply the waste management treatment and a technology to produce a fertilizer.
On the other hand, mineral fertilizer is a single functional system which considers
only the fertilizer production (Figure 1.23). Then, according to the proposed
methodology, the systems boundaries are expanded to take into consideration the
dumping of the organic waste in landfills. The environmental burdens of organic
waste to landfill are subtracted to the compost production stage (Figure 1.23).
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Figure 1.23 System expansion for organic waste management and fertilizer
production

1.22 Experimental details (methods and materials)
This section refers to some issues related to experimental field conditions that were
used for chapters 3 to 6. Most of the methods are broadly explained in cited chapters.

1.22.1 Crop plots location and soil characteristics

The plots where cauliflower and tomato were grown are located in Santa Susana in
the Maresme County in the North East Part of Catalunya, Spain (41°38°27°N,
2°43°00”’E) Figure 1.24 shows the field location. The soil was Typic Xerothent with
aloamy sand texture in the first 20 cm and sandy loan at greater depth.
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Experimental Field
Santa Susana, Barcelona
41°38'27"N, 2°43'00"E,\

Figure 1.24 Crop plotslocation

1.22.2 Crops plots design
As shown in Figure 1.25, data of the cultivation phase were obtained in experimental

plot of Institu de Recerca i Technologia Agroalimentaries (IRTA) located in Santa
Susana, Maresme county. The plot had atotal area of 414 m?. The plot was divided in
three sub-plots of 138 m?, for the three fertilization treatments. Similarly, each sub-
plot was divided in a block design with three replicates for each sub-plot. The plot

was used for the crop sequence of cauliflower and tomato (chapter 6).
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Figure 1.25 Experimental plotsdesign

1.23 Other experimental methodologies used

In order to obtain the data used in the different case studies several methodologies
where designed and applied for a full-scale and laboratory-scale. The methodologies
were rigorously developed by the research groups involved in the studies.
Furthermore, some parameters such as metals content for the OF and compost were
determined by certificated external laboratories. The main methodologies were
designed for the autoclaved OF produced from the unsorted MSW and the composts
production (industrial and home) which were applied to crops. Likewise, severa
methodologies for the application of compost to crops were developed for the

research groups. Mostly of methodologies are broadly explained in the relevant
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chapters for each case study. Table 1.7 summarizes some methodologies used in the

case studies. Annex 1.2 shows a brief of the analytical methods used for gaseous

emissions measurement of the composting process.

Table 1.1 Other experimental methodologies used in the case studies

Case study

The application of LCA to dternaive
methods for treating the organic fiber
resulting from autoclaving unsorted
municipa solid waste

M ethodologies*

Determination  of the  gaseouss
emissions of the composting process
for full-scade facilities for agrobic and
anaerobic digestion

This methodologies included
methods for compost samplingin
fecilities. Equipment and
methods for CH,; NH;, N,O and
VOC's emission

Physico, chemicd and biologicd
charateristics of compost produced in
full-scae fecilites

This methodologies included
organic moisture, electritica
conductivity, pH, N-kjendd,

dinamic respiration index, among
others.

Physico, chemicd and
charaeristics of organic
aerobic  and  anaerobic
processes

biologicd
fiber for
digestion

This methods were designed for a|
laboratory  scade-reactor  for
aerobic digestion (composting)
of the OF. This methodologies
included  organic moisture,
electriticd  conductivity, N-
kjendahl, among other

A laboratory scae reactor waste
for aneerobic digestion for the

Environmenta agronomica assessment
of three fertilization treatments gpplied
in horticulturd openfield crops

Biogas production from autoclaved|meshophilic  and  termophic
organic fiber ranges used. The biogas
production was used for methane
and dioxide carbon caculaions
Since compost  production  was

considered within the LCA of the
horticulturd  systems, so the same

methodologica aspects before
explained (case study 2) were used in
this stage. Furtehermore, severd

methodologies related to management
of horticultura crops were applied such
as. fertirrigation, irrigation, nursery,
carbon sequestration, emission post-
cultivation to ar (NHs, N,O, NO,) and
to water (NOs). Likewise, other specific
methodologies, such as determination of
bioactive substances of fruits were
gpplied in this case study.

For this case in furthersThis
magament practice was made in
red trids developed in the crop
field. Some specif methods were:
machinery application for land

preparation and compost
gpplication, caculaion  of
emissions with literature

references, etc.

Environmental assessment of two home
composts with low and high gaseous
emissions of the composting process

This chapter is based the same
methodologies used in chapter 2 for
compost production and gpplication in
crops.

The methodologica procedures
emphasizes about the
management of compost

production

Life cycle assessment of a crop
sequence of cauliflower and tomato

This chapter included the same methods
used in chapter 2 for compost
production and cultivaion stages.
However, this chapter dso include other
methodologies such as the nitrogen
cycle (input source and plant uptake) and
methodologies for compost alocation
to crops

The methodolgies included are
based on experimentd trias and
literature references which were
used in cases where was difficult
to obtain data

*Methodologies used with its respective references are broadly analysed in the case studies
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Chapter 2

2 The application of LCA to alternative methods for treating the organic
fiber produced from autoclaving unsorted municipal solid waste: Case
study of Catalonia

This chapter is based on the following paper:

Quirds, R., Gabarrell, X., Villaba, G., Barrena, R., Garcia, A., Torrente, J., Font, X.,
2014. The application of LCA to aternative methods for treating the organic fiber
from autoclaving unsorted municipal solid waste: Case study of Catalonia. Published
in Journal of Cleanner Production, 2014.

Abstract

Despite efforts to increase the selective collection of municipal solid waste (MSW) in
devel oped countries, the amount of unsorted waste remains high, with the consequent
difficulty of materia recovery and recycling. In 2010, 61% of the MSW generated in
the European Union (EU) ended up in landfill and incineration facilities. Autoclaving
is a novel technology that can be used to treat unsorted MSW, producing organic
fibers that can be composted. The life cycle analysis (LCA) was used to assess the
effectiveness of autoclaving unsorted MSW and various aternative methods for
treating organic fibers produced through this process. The alternative methods that
were considered included composting in tunnels, composting in confined windrow
and composting in turning windrow as well as anaerobic digestion. The
environmental assessment results were compared to those associated with
incineration and landfill. The results of this study showed that autoclaving, sorting,
digesting anaerobically and composting had the lowest impact vaues for
eutrophication and the global warming potential. It was also found that autoclaving is
justified only if the products of the process, that is, polyethylene terephthalate, ferrous
and non-ferrous metals, are recycled to avoid virgin material production and if the
remaining mixed plastic wastes are incinerated for energy recovery.

DOI: 10.1016/ j.jclepro.2014.04.018

Reference link
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Chapter 3

3 Environmental and agronomical assessment of three fertilization
treatments applied in horticultural open fields crops.

This chapter is based on the following paper:

Quirds, R., Villdba, G., Mufioz, P., Font, X., Gabarrell, X., 2014. The application of
LCA to alternative methods for treating the organic fiber from autoclaving unsorted
municipa solid waste: Case study of Catalonia. Published in Journa of Cleanner
Production, 2014.

Abstract

In 2010, the generation of municipal solid waste (MSW) by the European Union (EU-
27) was 252 million tonnes, with an estimated organic content of 30-40% by weight.
We present a Life Cycle Analysis (LCA) and agronomical assessment of the
following three fertilization treatments. industrial compost (IC), home compost (HC)
and mineral fertilizer (MF), applied to horticultura cauliflower crops. For the IC and
HC treatments, we evaluated the entire cycle of the organic matter, starting from the
moment it becomes MSW and including collection, production of compost,
transportation and application in open field cauliflower crops. For the MF treatment,
the analysis includes the raw material extraction, production, transportation and the
application to crops viairrigation.

A higher crop yield was achieved with MF treatment, which was 26% and 91%
higher than HC and IC treatment, respectively. However, the application of HC
treatment resulted in larger, heavier cauliflowers. No significant differences were
found in the nutritional analysis, which included the quantification of the total
phenols, glucosilonates and flavonoids. The HC treatment had the best environmental
performance with the lowest impact in all categories assessed except for its abiotic
depletion potential and eutrophication potentia (which was the lowest for IC). The IC
treatment had the highest environmental impact in five of the seven categories
assessed, whereas the MF treatment had the highest eutrophication and global
warming potentials.

DOI: 10.1016/j.jclepro.2013.12.039

Reference link
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Chapter 4

4 Environmental assessment of two home composts with high and low
gaseous emissions of the composting process

This chapter is based on the following paper:

Quirds, R., Villalba, G., Mufioz, P., Col6n, J.,, Font, X., Gabarrell, X., 2014.
Environmental assessment of two home composts with high and low gaseous
emissions of the composting process. Published in Resource, Conservation and
Recycling. 2014.

Abstract

A Life Cycle Assessment (LCA) of two home composts with low and high gaseous
emissions of the composting process is presented. The study focused on the gaseous
emissions of the composting process. Gaseous emissions of methane, nitrous oxides,
ammonia and volatic organic compounds of the composting process were
experimentally measured in field real trials. The results showed that the differencesin
gaseous emissions between the two home composts were 4.5, 5.8 and 52 for methane,
nitrous oxides and ammonia, respectively. Higher emissions of nitrous oxides and
methane affected significantly the category of global warming potential, while higher
emissions of ammonia affected mainly the categories of acidification potential,
eutrophication potential and photochemical oxidation. The differences found in the
compost emissions were attributable to the composting production management
(quality and composition of waste stream, frequency mixing of waste, humidity and
temperature monitoring, among others) as well as weather conditions (temperature

and humidity).
DOI 10.1016/j.jclepro.2014.04.018

Reference link
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Chapter 5

5 Guidelines for organic waste management focused on domestic
compost and its application in horticulture

These guidelines are based on the published document in http://ecotechsudoe.eu/es,
developed on the frame of ECPTECH SUDOE SOE2/PL/E377 project.

5.1 Introduction

This chapter was devel oped under the Ecotech Sudoe Project with the participation of
different partners from Catalonia, Spain, France and Portugal. Severa experiments
were developed by research groups for home compost production and its application
in open-field of cauliflower crops.

The different case studies presented in the dissertation served as the basis for the
current manual. All experiments were experimentally carried out and analyzed from
agronomical and environmental standpoint to study the viability and performance of

home composting.

The research was based on field work done by the following research groups. Group
d’Investigaci6 en Compostatge (GICOM) for the production of home compost,
Institut of Reserca (IRTA) for the application of compost in crops and Sostenipra

Research for the methodological aspects and for the environmental assessment.

The aim of the manual of is to leave a guideline to different audiences related with
the compost production and its application on crops. The study considers the entire
cycle of the organic matter from the V2V “vegetables to vegetables” model.

Potential users of the manual:

e Composters. It refers to users who produce the compost by different
technologies (i.e. home or industrial compost)

e Farmers: It refersto users who apply the compost on farms.

e Technicians: It refersto public or private users such as municipal technicians
in charge with the compost production and monitoring.
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5.2 Food and waste

The waste from food has a significant impact on organic matter portion that is
landfilled. From agricultural production and in all stages of the food cycle about
1,300 million tons of food fit for human consumption is lost. This accounts for one
third of the edible parts of food produced for human consumption (Gustavsson J., et
al., 2011).

The generation and management of waste has become a major problem in modern
society (Figure 5.1). In EU-27 countries, in 2010, an average of 37% of municipal
waste was landfilled (Eurostat, 2010), while Municipal Solid Waste (MSW)
generation for 2010 was 252 million tons in EU-27 (Eurostat, 2012). This MSW has
an organic matter content of approximately 30-40%. Meanwhile mineral fertilizers
consumption was 18 million tons in 2010 (Eurostat, 2012). Potential quality compost
in the EU is about 30-40 million tons which represent 131,000 tons of nitrogen
available. Moreover, good quality compost can be used as minera fertilizer
substitute.

Figure 5.1 Food waste to landfill

5.3 Anoverview of composting production

5.3.1 Definition of compost

Composting is a natural aerobic process by which microorganisms transform
putrescible organic matter into CO,, H,O and complex metastable compounds (e.g.
humic substances) (Barrena et a., 2005). The fina product, compost is a stable,

sanitized and humus-like material. Compost is defined as the end product of the
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biological decomposition of the organic matter from municipal solid waste (Figure
5.2).

Figure 5.2 Compost process and the final product

5.3.2 Home composting
Home composting or backyard composting which refers to the self-composting of the
bio-waste as well as the use of compost in a garden belonging to a private household

(European Commission, 2009). Figure 5.3 shows self-composting.

Figure 5.3 Self-composting

Home composting can be a good alternative to industrial composting in low density
urban areas were alarge investment in transport is required for the separate collection

of OFMSW (organic fraction of municipal solid waste).

54 V2V “vegetable to vegetable” model

This model considers the entire cycle of organic matter from the generation of waste
in households to the cultivation of vegetables (Figure 5.4). The model considers all
stages of the organic fraction of MSW: the collection and transportation of waste,
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compost production, transportation from production sites to crops, and its application
to obtain final products (i.e. vegetables).

The V2V “vegetable to vegetable” model for vegetables and compost production
avoids the transportation of waste, organic fertilizers and vegetables to retailers. This
new conception of horticultural production represents a sustainable way to treat
household waste with the consequent benefits for society in accordance with the
sustainable development (economic, socia and environmental).

COMPOST CLOSES THE
ORGANIC MATTER CYCLE

o AGRICULTURAL FOOD
PRODUCTS

o COLLECTION OF WASTE

4
l_‘ 5
¥

g

- T
APPLICATION TO CROPS =

o

Figure 5.4 Organic matter and 2V2 “ vegetable to vegetable” model

RANSPORT

PRODUCTION OF COMPOST

2D

5.5 Organic material to be composted

In general material suitable for composting includes: garden waste, kitchen scraps
(mesat, fish, eggshells), leftover of fruit and vegetables, manure, leaves, grass
clippings, straw, etc. (Figure 5.5).
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Figure 5.5 Type of organic matter suitable for composting

5.5.1 Materials from municipal solid waste
e The organic fraction of municipa household waste.
e Green materia (tree branches, hedgerows, grass, etc.)
e Agricultura residues, such as plant residues (cotton ginning, rice processing,
etc.).

5.5.2 Materials which include a “Gate fee”
e Expired food from supermarkets, restaurants, etc.
e Biodegradable organic waste from regional industries.
e Sludge from Waste Water Treatment Plants.
e Animal waste from livestock operations.
e Wine residues and processing industries, standardization (juice, citrus fruit),
waste extraction.
¢ Organic waste from slaughterhouses or mills.

e Other possible types of biodegradable organic material.

5.6 Principal compost parameters

In order to guarantee good quality compost specific criteria should be used for both
incoming material (waste) and the final product (compost). For incoming waste
should be considered: the content of biodegradable material (Ieftover of raw fruit and
vegetables, food and scrap yard) and improper material content such: plastics, glass,
metals, textile etc. In the case of the final product (i.e. compost) some parameters
should be controlled: temperature, pH, moisture, organic matter content (C), nitrogen
(N), biological stability and heavy metals content, among others, should be
controlled. The periodic characterization of main parameters and field studies are
recommended for both products (incoming waste and compost) to guarantee the

quality of the final product.
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In a real case study of compost parameters experimental measures for home
composting were carried out by the Group d’Investigacié en Compostatge (GICOM)
of Universitat Autonoma de Barcelona within the frame of Ecotech Sudoe project.
For the case study, 18 samples were analyzed, 7 for household compost, 7 for school

compost and 4 for community compost (Table 5.1).

Table 5.1 Physical-chemical characterization for samples of compost

Parameter Units References?® Average Deviation
(%)
pH 7

7.65

Conductivity mS/cm 4.29 73
Density g/cm3 0.59 32
Moisture % 30-40 42.89 36
Organic matter % dmb 235 57.85 27
NTK % dmb 2.21 40
N-ammonia % dmb 0.17 45
Phosphorus % dmb 0.89 40
Potassium % dmb 1.63 40

dmb: Dry matter basis
Reference: http://ecotech.cat/zerowaste/workshopUAB2012/

5.7 The benefits of compost

e Compost can be used as amineral fertilizer substitute in horticultural crops

Mineral fertilizers Home compost

¢ Reduction of waste to landfills
e Inregards to minera fertilizers, compost production avoids greenhouse gases

emissions and other contaminants to air, water and soil.
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e Economic benefits (energy savings for producers).

5.7.1 Other benefits of compost and cares during compost production
Compost avoids the collection of the Organic Fraction of Municipal Solid Waste
(OFMSW). This practice significantly reduces the economic, material and energetic
requirements of management and treatment. Furthermore, compost reduces the
amount of impurities present in OFMSW by means of direct control on waste being
treated.

In addition, home composting contributes to environmental awareness by involving
people in the correct management of their own waste and by highlighting the
importance of a number of factors influencing the treatment process.

However, as with for all human activities, home composting has also negative
impacts on the environment such as uncontrolled gaseous emissions with a high
global warming potential or acidic character. The use of materials (composter and
tools) and energy (mixing and chipping) when home composting is performed in an
uncontrolled manner may also be harmful. Furthermore, odor generation, the possible
presence of rodents and insects and a final product of low quality are the main

drawbacks of this practice that make it unattractive to some potential practitioners.

Despite efforts to obtain good quality compost, it can observe some problems in
compost production for example: compost obtained often is not homogenous; odors
and other pollutants such as methane, ammonia and nitrous oxide emitted directly to
the atmosphere during the decomposition process (Amlinger et al., 2008; Ansorena,
2008).

5.8 Good manufacturing practices for home composting
Some practices and recommendations are listed below in order to avoid in some
extend the negative aspects of home composting:

5.8.1 The choosing a suitable composting bin
There are severa commercial models of different sizes and shapes available on the

market. The following aspects should be considered when choosing the most suitable:
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582

When deciding on bin-capacity, a bin with enough capacity is required, the
daily-weekly generation of OFMSW of a particular home should be estimated
for a correct election. The inclusion of garden waste should also be taken into
account as well as the use of bulking material to give enough porosity to the
waste under composting (avolumetric ratio of 1:1 is recommended).

Aeration should be ensured through the composting bin walls by means of
regularly distributed holes.

The composting bin should be rainproof. This will help to reduce leachate
production and to keep the moisture content of the material under control.

An easy way for the removal of the composted material should be provided

minimizing the disturbance to the material still under composting.

Adecuate material mixing and handling

Organic fraction of municipa solid waste (OFMSW) can be fully fed to the
home composter but avoiding fish and meat leftovers. These wastes can
promote the presence of insectsif the composter is not correctly managed.
Adequate porosity should be provided to the composting material by using a
bulking agent.

Porosity is needed for material aeration, which is crucia as the composting
process is aerobic in nature. A volumetric ratio of 1 part of OFMSW to 1 part
of bulking agent is recommended.

As bulking agent also serves to moisture content regulation. If the OFMSW is
mainly vegetal and/or weather conditions do not promote water evaporation,
the amount of bulking agent needed may increase. Bulking agent and waste
should be mixed appropriately by hand. Moisture content of the mixture can
be determined by using a “fist test”. Preventing rainfall from entering the bin
will aso help to maintain correct moisture levels.

The material used as bulking agent should provide structure and porosity to
the waste as well as absorb excess humidity. Wood chips are the most

commonly used bulking material. Wood chips can be obtained from private
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gardens or provided by local environmental agents from the maintenance of
public parks and gardens.

e Material in the composting bin should be mixed periodically to ensure correct
moisture distribution and aeration care should be taken to avoid the lower part

of the bin, where compost isin curing phase.

5.8.3 Leachate and gaseous emission

e Leachates are generated due to the excessive moisture of material or rainfall
entering in the composter bin. Leachates should be prevented because they
lead a loss of nutrients. Prevention can be achieved through moisture control
and by preventing rainfall entering the bin, as stated above.

e |f the composting bin is placed on unpaved soil, this will absorb the leachates.
Therefore, if the bin is placed on paved soil, a system for leachate collection
should be present.

e Most harmful gaseous emissions are those related to odors, mainly volatile
organic compounds and ammonia emissions. The correct management
(correct mixing of the material, enough porosity, moisture level control, etc.)
of the composting process will help to prevent these emissions. The
prevention of anaerobic zonesis very important to reduce greenhouse gases.

5.9 Quality of the final compost
e A highly stable product (compost) can be obtained if the composting process
is managed properly. However, as the temperature of the material during the
process will not probably be high enough to ensure sanitation.
e The separation of bulking agent may not be necessary depending on the use
intended for the compost obtained. However, if the bulking agent is scarce in
the local area, separation is recommended by using a commercia or

homemade screen.

5.10 Good management practices for compost use in crops
When compost is applied to crops, some considerations should be taken into

consideration to guarantee the effective use of the product:
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e Before the application of compost in soil, a soil-study is recommended to
discover which nutritional substances (nitrogen, potassium and phosphorus)
are present in soil.

e Compost doses according to crop type and soil.

e A rigorous control of leachate and emissions.

e Preciseirrigation considering rainfall, well or other water sources.

e Control and monitoring of weather conditions.

e Good conditions for compost storage (i.e. humidity, temperature, aeration, no
insect presence, €tc.).

5.11 Other consideration

This manua for home compost production and its application in horticultural crops
includes a brief description of theoretical elements related to Life cycle assessment
methodology that was presented in the introduction (i.e. chapter 1). Furthermore, the
manual includes the main results of the cases studies developed (i.e. chapter 3 and 4)
in the thesis. As well as list of reference were included for home compost

practitioners or interested in these subjects.
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Chapter 6

6 Life cycle assessment of fertilizers in a crop sequence

The following paper submitted to a journal review is based on current

chapter 6.

Quiréds, R., Villalba, G., Gabarrell, X., Mufioz, P. (2014). Life cycle assessment of
organic and mineral fertilizers for a crop sequence. Submitted to Resource,

Conservation and Recycling. 2014.
Abstract

Fertilizers are commonly applied to an entire crop sequence which can be made up of
two or more crops. This study presents a LCA of a crop sequence of cauliflower and
tomato in a Mediterranean region subject to three different fertilization treatments
(industrial compost, home compost and minera fertilizer). The crop sequence lasted
one calendar year from cauliflower plantation (October 2011) until tomato harvesting
(October 2012). Two allocation procedures based on the crop cultivation time and the
degree of nitrogen mineralization were used to allocate compost burdens to crops.
Regardless of the allocation methods used, the crops fertilized with home compost
had the best environmental performance in all impact categories considered, except in
marine eutrophication and terrestrial acidification. When comparing the impacts (kg
eq. of pollutant/day) of the entire horticultural cycle with the individual crops, the
former had the lower impacts in the most categories assessed. The crops fertilized
with the home compost, the allocation method based on the degree of nitrogen in soil
had the least impact value in all categories studied. In this case study, the alocation
procedure based on the cultivation duration was considered as the better attributional
method given the high degree of uncertainty in the nitrogen degradation. This
uncertainty is related to complex interactions between variables to metabolize the
nutrients content in fertilizers such as: variety of crop, crop management, soil type,

weather conditions, fertilizer, among others.
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6.1 Introduction

Agriculture is considered a major contributor to some present environmental impacts
such as those of water pollution given the intensive use of fertilizers and pesticides
(Mudller et a., 1995; Ongley et al., 1996; European Commission, 1999; Laegreid et
al., 1999). Fertilizers and pesticides applications affect not only the target crop but in

also subsequent ones.

Crop sequence is a farming practice in which different crops are grown in the same
field at different times over severa years. This practice aims to promote soil fertility
and minimize the development of pests, weeds, while ensuring, better nutrient
management. The timing and crops of a rotation depend on the type of farming
employed (arable-mixed, organic/conventional), local climate conditions, soil type,
water availability, irrigation, crop and potential market opportunities. They are key
factors in determining not only the yield and the quality of the crops, but also their
environmental impacts. The essential mineral nutrient must be provided by the soil,
or by organic and mineral fertilizers. The risk of nutrient depletion is latent when the
amount of nutrient added to crop is less than the amount of nutrients removed from
the soil in the form of crop yields and residues, and losses of nutrient in the form of
volatilization, leaching, and erosion. The consequences of nutrient depletion are that
soil fertility declines, crop growth and inputs of carbon to the soil decline, and the
soil is left open to the negative effects of erosion. On the other hand, the minera
fertilizers are usually used in great quantities by farmers to increase crop yield. Over-
supply of nutrients is the main environmental problem related to fertilizer use.
However, application of N fertilizer will have little effect on increasing yields if other

factor limiting growth.

The analysis included in this study was performed on the entire life cycle of a crop
sequence of cauliflower and tomato, which includes the production, transport and

application of compost and mineral fertilizer.

The crop sequence of cauliflower and tomato was fertilized with industrial compost
(IC), home compost (HC) and minera fertilizer (MF). The IC was produced from the
organic fraction of municipal solid waste (OFMSW). The IC was taken from full-
scale facility that manages the waste of the twelve municipalities that make up
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Mancomunitat La Plana, located in Catalonia. The HC was produced from leftover of
raw fruit and vegetables (LFRV) and pruning waste (PW) as bulking agent. The
organic material for HC was collected from a single-family home in a neighborhood
of the city of Barcelona, Catalonia (Quiros et al., 2014). The fertilization treatment
with MF consisted in the application to crop of nitrogen fertilizers (KNO3z) mixed

with water.

The environmental assessment of this study was carried out with the Life Cycle
Assessment (LCA) methodology which was proven to be a valuable tool for the
comparison of farming systems at crop level (Auddey et a., 1997; Gaillard et al.,
1996; Martinez et a., 2009; Martinez et al., 2011). The LCA was lead following the
guidelines of the ISO 14044 (1SO, 2006) and the ReCipe 2008 v1.05 methodology
was used to calculate the environmental impacts. To our knowledge, no evidence of
previous studies was found in literature review of environmental assessment of home
compost application in a crop sequence neither environmental comparison between
home compost with industrial compost and mineral fertilizers.

The first aim of this research is the environmental comparision of three fertilization
treatments in a crop sequence using LCA methodology. The second objective is to
study the environmental performance of the system with two allocation procedures
for the compost applied to crops. The life cycle impacts of compost were allocated to
the two crops following the physical causality principles as stated in the 1ISO 14044
(1SO, 2006). Two procedures of allocation were implemented to quantify the compost
burdens, the first one was based on the cultivation time (Ta) and the second one

considered the degree of N mineralization (NMa) in soil.

6.1.1 Description of the systems

Three fertilization treatments (IC, HC and MF) applied to a crop sequence of
cauliflower and tomato were compared to observe the environmental performance of
single crops and the entire sequence. The three cropping systems were compared
between them and individually with the entire crop sequence. Annexes 6.1-6.3 show
the stages and sub-stages for each fertilization treatment. The stages considered in the

LCA were: compost and minera fertilizer production, compost transport for IC and
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MF fertilizers; and the cultivation stage. The cultivation stage included: fertirrigation
infrastructure and equipment, irrigation, emissions of fertirrigation, machinery used
in cultivation (i.e. field preparation and harvesting); carbon sequestration, nursery and

phytosanitary substances.

Compost production stage considered: the collection and transport of the OFMSW
(collection bin and transport); electricity, diesel and water consumed in the process;
gaseous emissions of the process (CH4, NH3, N2O and COV’s); the building and
machinery used and waste management of infrastructure. Compost transportation for
IC accounted the transport from the production plant to the plots which included: the
fuel, the truck and its maintenance and the road build and maintenance. MF
production comprised the extraction of raw material and fertilizer production at plant
including infrastructure, transport of raw materials, synthesis of the chemical
components required, dosages and the deposition or treatment of waste generated. MF
transport accounted the distance from the plant to the plots. The transportation of MF
was split in two portions, the sea transport portion from Israel to Barcelona Port and
the transport by road from the port to the crop plots. Process for the production and
transport of MF were taken and adapted from the ecoinvent database (Swiss Centre
for Life Cycle Inventories, 2010).

Fertirrigation considered infrastructure and equipment to irrigate the crops, transport
and the waste management. Irrigation sub-stage incorporated the irrigation water and
electricity consumed by the well pump and the irrigation pump. Emissions post
application of fertilizers and water included the emissions to air of NH3, N>O, NOy
and N,. and emissions of NO; to water. Fertirrigation phase considered the
machinery and tools to prepare the land, mixing and spreading the fertilizers (IC and
HC), hours of operation and fuel consumption. The stage of phytosanitary substances
was based on the type of substance needed according to crop; doses and its

production process.
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6.2 Methodology

6.2.1 Life cycle assessment (LCA)

Life cycle assessment was used to calculate the environmental impacts of the crop
sequence of cauliflower and tomato considering the entire life cycle (production,
transport and application on crops) for one year horticultural cycle, including
resources extraction and waste disposal. The inventories were built following the
guidelines as stated in the 1ISO 14040-14044 (1SO, 2006).

6.2.2 Functional unit and scope

The functional unit is the basis for comparisons between different systems in LCA
(1SO, 2006). The functional unit used for the LCA was resources and elements
consumed (energy, water, equipment and machinery) in all stages and sub-stages per
area cultivated (m?) for one year cycle. The scope of the study was limited to compost
and minera fertilizer production, transport and its application on crops. The limits
were set taking into account all the input and output flows of material and energy

according to the systems definition.

6.2.3 Systems boundaries

The system boundaries included the production of the organic and minera fertilizers,
the transport between the production site until the cultivation plots, and all activities
related with the cultivation such as: fertilization equipment, machinery and tools,
pesticides, irrigation and nursery (Annexes 6.1-6.3).

6.2.4 Categories of impact and software used

In this research, ReCipe 2008 v1.05 (midpoint method, hierarchist version)
methodology was used to calculate the environmental impact. ReCipe emerged as
new methodology, in the year of 2000 after a SETAC meeting to harmonize the CML
midpoint and the Pré endpoint approach into a single and consistent methodol ogy.
Since this a relative new methodology, nowadays a few studies used this
methodology for the assessment of agricultural systems. In our case study, according
to ReCipe methodology, six impact categories were selected to do the environmental

assessment of the crop sequence for the three fertilization treatments. The categories
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selected were as follows: climate change (CC), photochemical oxidation formation
(POF), terrestrial acidification (TA), freshwater eutrophication (FE), marine
eutrophication (ME) and fossil depletion (FD). Furthermore, the cumulative energy
demand (CED) as an energy flow indicator was considered (Frischkenecht and
Jungbluth, 2003). The SimaPro v 7.3.3 program (Pré Consultants, 2013) was used for
the impact analysis, with the obligatory classification and characterization phases
defined by the 1SO 14044 (1SO, 2006).

6.2.5 Method for avoided burdens of dumping OFMSW and VF in landfill
The method of cut-off proposed by Ekvall and Tillman (1997) was used to allocate
the burdens of dumping OFMSW and VF (vegetal fraction) which is in accordance
with the ISO 14044. This method sets that each system is charged with the burdens
for which it was directly responsible. In this study, environmental burdens for
dumping the same amount of OFMSW and VF were used in the calculation of total
burdens for IC and HC fertilization treatment. These burdens were subtracted from
the total impact of the compost production stage. The process used to calculate the
environmental charges of dumping compostable material to landfill was taken and
adapted from the ecoinvent database v2.2 (Swiss Centre for Life Cycle Inventories,
2010). The collection and transport of organic waste, including the production of the
bin to collect the organic fraction in houses was considered too. Furthermore, the
construction of the landfill and road access, the machinery operation, the combustion
of methane without energy recovery, and the land used, were al considered with a
time limit of impact of 100 years (Doka, 2007).

6.2.6 Quality and origin of the data in the inventory

Most of data for compost (IC and HC) production were localy and experimentally
obtained from a full scale industrial facility for 1C from Mancomunitat La Plana,
Barcelona and from homes of Barcelona city for HC. Annex 6.4 shows the origin of
datafor IC and HC. In the case of the cultivation stages, as explained elsewhere, the
data were experimentally obtained from real essays in plots located in Santa Susana,
Maresme county (Catalonia, Spain). When local information was not available,

bibliographical sources and the ecoinvent database 2.2 (Swiss Centre for life cycle
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Inventories, 2010) were used and adapted to our systems conditions. Data sources
used for the cultivation phase, stages and sub-stages are shown in Annex 6.4.

6.2.7 Life cycle inventory

The inventories for the production of compost (IC and HC) included the energy
(electricity and diesel), water and the different elements used in the process such as
building, tools and machinery. Also, the inventory considered the waste management
of those elements (i.e. building, tools and machinery). The different stages and sub-
stages for the three fertilization treatments (IC, HC and MF) are presented in Annexes
6.1-6.3. Likewise, the inventories for the cultivation stage which included the energy,
water, and resources (machinery and tools, pesticides, etc.) consumed according to
the functional unit are presented in Annex 6.5. The processes used for the cultivation
stage inventory were similar for the two crops which only differed in the water
irrigation system. The cauliflower used a micro-sprinkler, and the tomato a dripping
system. A full description of the inventories for the cauliflower crop which was used
as base to calculate the inventories of the crop sequence can be found in Quirés et al.
(2014).

6.2.8 Irrigation water

Irrigation water was pumped from a nearby well (depth, 10-15 m) to the fields using
two pumps, one to pump the water out the wells (4 kW) and the other one to spread it
over the plots (2.7 kW). Irrigation water measurements depended on the
evapotranspiration demands. The irrigation water was very similar per fertilization
treatment for each crop (Table 6.1). The fina consumption of water was taken from
meters placed in the plots. Cauliflower was an average of irrigation water of 109 L-m’
% for IC, 108 L-m™ for HC and 94 L-m? for MF. In the case of tomato crop the
irrigation water was of 304 L-m?, 296 L-m? and 287 L-m for IC, HC and MF,
respectively. In this case study, the differences between both crops were due to
cauliflower is a winter crop and tomato was cultivated in the summer season.
Furthermore, the irrigation water for cauliflower was lower than the scheduled due to
the high quantity of rainfall registered at the beginning of the cultivation. Although

the irrigation water was very similar for a same crop, the small differences registered
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were attributable to random causes of the experiment. The irrigation water stage also
considered the electricity consumed by the pump used for pumping water from well
located nearby the plots and the electricity consumed by the pump to irrigate the plots
(Annex 6.5). As expected, the electricity consumption in tomato crop was higher than

cauliflower crop due to a greater amount of irrigation water applied to the crop.

Table 6.1 Total nitrogen provided to crops per fertilization treatment*

Horticultural
Crop sequence” Cauliflower inectivity GAP Tomato
L Units  IC HC I HC® MF' IC HC IC HC MF
a N organic content in compost applied (dwb)® 25% 17%
b Humidity of compos® 39.7% 50.3%
¢ N contentinwell water’ gm?® 26.052
d Irrigation water I-m? 108 109 94 - - 304 296 287
e N provided by irrigation water® g-m? 28 28 24 - - 79 77 15
f N contentinrainfall gl 0.00076
g Rainfal - 529 529 529 220 220 133 133 133
h N provided by rainfall’ gN-m? 040 040 040 047 017 040 010 0.10
g __|i Compostallocated to crops™® gm? 188 274 - 158 230 203 296
ISl < i N organic provided by the compost allocated™ g N-mi? 28 23 - 24 19 30 25
=) Kk N total provided to crop™ gN-m? 60 56 - 25 21 111 103
.é _ |l Compostallocated to crops® gm? 151 219 - 127 184 163 237
Bl = [ N organic provided by the compost allocated™ g N-m? 22 19 - 19 16 24 20
< n N total provided to crop™® gN-m? 56 51 - 21 17 104 98
0 Dose of mineral fertilizer applied (KNO,)® g*m’ - - 692 - - - - 743
p Nmineral® g N-m? - - 0.96 - - - - 1030

*Three fertilization treatment and two allocation procedures were considered

#Ta: This procedure allocates the compost applied to crops according to the crop duration (since plant cultivation date until fruit
harvesting).

PNMa: This procedure allocates the compost applied to crops according to the degree of N mineralization in soil
'Crop sequence column refers to datathat are common for the two crops

?|C: Industrial compost

®HC: Home compost

“MF: Mineral fertilizer

SSExperimentally determined (compost characterization)

Thelettersin theleft side of the table (column L) were used for the calculations
"The N content in ground water was 1.86 miliequivalent (26.052 gN-m)

811e = ¢.d (conversion factor)

*h=f.g

1013500 calculation in Table 2

Y=a-(1b)-i

Pk=e+h+j

“m=a- (1-b)- |

Bn=e+h+m

®Experimentally determined in crop fields

Experimentally determined according to N molecular weight

18q —e+ h + p

6.2.9 Compost characterization
The organic fertilizers (IC and HC) were physically and chemically characterized in
order to know their quality to be used as minera fertilizer substitutes. Physico-

chemical characteristics such as moisture, organic matter, pH, electrical conductivity,
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N-Kjedhal, dynamic respiration index, quality parameters of salmonella and
escherichia coli were experimentally measured in field for IC and HC (Annex 6.6).
Also, the gaseous emissions of CH4, NH3, NoO and VOC’s emitted during the
composting process were experimentally studied for IC and HC. The experimental
procedures for the characterization and gaseous emissions quantification can be seen
in Colon et al. (2012) and Lled et a. (2012) for IC and HC, respectively. All values
found were compared with international and local standards (Spanish legislation) and
references, such as the European Commission for bio-waste management (2008) and
the Spanish Royal Decree 506/2013 (Ministerio de la Presidencia, 2013). This decree
sets the limits permitted for heavy metal content in compost in order to be used as
mineral fertilizer substitute (Annex 6.6). According to Spanish Royal Decree
506/2013, the compost (IC and HC) comply the quality conditions to be used as soil
amendment and as aminera fertilizer substitute.

6.2.10 Experimental conditions

This crop sequence was part of an experimental crop rotation fertilized with organic
and mineral fertilizers since 2006. The experimental plots were located at the
SELMAR research fields in the Maresme county in Santa Susana (Norwest part of
Catalonia). This site is an experimental open-field of the Institut de Recerca i
Tecnologia Agroalimentaries (IRTA). The Maresme county is a region characterized
by an intensive crop rotation of several horticultural products (i.e. vegetables).

The region has atypic Xerothent soil and Mediterranean climate. The land have been
used in an intensive crop rotation since 2006 (i.e. chard (2006), tomato and
cauliflower (2007), onion (2008) and endive (2010). In our case, a crop sequence of
cauliflower and tomato crop was considered to study the environmental impacts for a

one-year cycle. Figure 6.1 shows an overview of the crop sequence.
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Compost

application!

Date =" 1l-sep-11 06-oct-11 =—b 05-feb-12 09-feb-12 = 104jun-12 11jun-12 — Id-oct-12

Crop ‘ Cauliflower ‘ ‘ Tomato ‘
Horticultural stage Planting Harvesting Horticultural inactivity GAP® Planting Harvesting
Crop duration ( days) 125 122 135

Specie Brassica oleracea - Lycopersicon escul entum
Irrigation system Micro-sprinkler - Dripping

Density (pl - m™) 2.01 0.5

Yields (ton - ha'l)

ic? 45 - 357

uct 68 - 280

MF? 86 - 279

Figure 6.1 Summary of the main features of the crop sequence

The composts applied to plot crops were industrial and home compost

“There was not cultivation between cauliflower and tomato crops

%C: Industrial compost

“HC: Home compost

*MF: Mineral fertilizer

Note: the entire horticultural activity lasted 384 days, a one year cycle of 365 days was considered for
the crop sequence. The impacts of the horticultural inactivity gap were allocated to the last crop
(tomato).

The experimental field design (one plot of 414 m?) consisted in three blocks of 138
m? (IC, HC and MF) with three replicates for each fertilization treatment . A total of 9
blocks of 46 m? each were designed for the entire crop sequence.

6.2.10.1 Crop varieties: Cauliflower and tomato

The plants of cauliflower (Brassica oleracea L. var. botrytis, commerciaized as
Trevi) were transplanted on October 06™, 2011 at a density of 2.1 plantsm?. The
cauliflower was harvested in February 08", 2012, for a cultivation period of 125 days
(Figure 6.1). In the case of tomato crops, the plants (Lycopersicon esculentum Var.
Punxa) were transplanted in June 11", 2012 at a density of 0.5 plants:-m™. The tomato
was harvested in October 24™, 2012 for a cultivation period of 135 days (Figure 6.1).

6.2.10.2 Horticultural inactivity gap

There was a horticultural inactivity gap (HIG) during the crop sequence in which no
cultivation was made in the plots. The HIG was from February 09" 2012 until June
10™ 2012 (Figure 6.1). Some experimental conditions (i.e. weather) and agricultural

management operations (land preparation and resources) prevented cultivation during
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this period. In a crop sequence, the environmental burdens of the inactivity
horticultural periods or any period between the harvesting of a crop and soil tillage
should be attributable to the following crop (Hayer et al. 2010 and Martinez et al.
2014). Therefore, in our case of study, the environmental burdens of HIG were
allocated to the tomato crop. The environmental burdens charged to tomato crop were
basically the emissions to air (NHz, N2O and N,O) due to the biological activity; and
to water by the leachate of the NOs that remains in soil during the period of

horticultural inactivity.

6.2.10.3 Weather conditions

Different weather conditions were observed during the cropping time for each crop.
Climate data were obtained from a weather station next to crop fields (Santa Susana).
In the case of the cauliflower that was planted and harvesting in the winter season of
2011, the average of temperature was of 12.9 °C with a rainfall of 200 L-m™ for
October 2011and 120 L-m™ for the first two week of November 2011 (RuralCat,
2013). These weather conditions were considered atypical compared with the same
period for previous years which recorded an average of 11 °C (RuraCat, 2013).
These weather conditions affected mainly the nitrogen mineralization and the
leachate of fertilizers. In fact, these weather conditions delayed the application of
minera fertilizer and affected negatively the yield of fruits for the three fertilization
treatments. For tomato crop that was cultivated in summer season of 2012, an
average temperature of 22 °C and a rainfall of 122 L-m™ were recorded during the
cultivation period (Rural Cat, 2013). The weather conditions for this crop were similar

regarding previous years for the same period.

6.2.11 Water and fertilizers applied

The cauliflower was irrigated 3-4 times per week and the tomato daily. The water
dose was based on the tensiometer reading and the evapotranspiration. For the
irrigation of crops, we use the most common practices in the region. Cauliflower was
irrigated using micro-sprinkler system and tomato with dripping system (Figure 6.1).
The IC and HC were applied directly to land with agricultural machinery at the

beginning of the cauliflower crop (September 2011). The minera fertilizer was mixed
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and applied with the irrigation water. Table 6.1 shows the dose of organic fertilizer
applied to crops for the two compost allocation procedures (Ta and NMa), the dose of

mineral fertilizer and the irrigation water applied to each crop.

The doses of fertilizers were experimentally calculated by taking into account the soil
nutrient content and the nutrient needs of the crops. Similar quantities of fertilizer
were applied to each fertilization treatment (Table 6.1), except for cauliflower crop
which the quantity of MF was considerably lower than tomato crop. The fact of a
lower application of minera fertilizer to cauliflower crop was due to the great

quantity of rainfall at the beginning of the cultivation.

The organic fertilizer (compost) generaly is applied to cover the nutrient needs of
several cropsin cycles of 1-2 years. In this research, it was assumed that the compost
was applied to meet the nutrient needs of two calendar years (720 days). The total
compost applied to land for the crop sequence was of 1.1 kg-m™for IC and 1.6 kg-m™
for HC (Table 6.2). As explained, in this study two procedures of compost allocation
to crop (Taand NMa) were evaluated to know the environmental performance of the
systems.
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Table 6.2 Compost allocated to crop for the two allocation procedures

Horticural
Units  Crop sequence'| Cauliflower inactivity GAP?  Tomato

L Fertilization treatment Ic®  HC' | IC HC IC HC IC_ HC

a Tota compost appliedtoplots®  tons- ha® 11 16

b Cultivation period® days 125 105 135
M |c Lifetimeof compost application”  days 730

© |d Allocation factor® - 17% 14% 18%

f e Compost allocated to crops’ tons- ha' 188 274 158 230 203 296
5 f N minerdizationfor thefirst year™ days 365
S A N mineralization rate for the first year™ 40%
Sl = |h Timefactor” 34% 29% 37%
= i Allocation factor ** 14% 12% 15%

j Compost allocated to crops™ tons- ha 151 219 127 184 163 237

#Ta: This procedure allocates the compost applied to crops according to the crop duration (since plant cultivation date until fruit
harvesting).

®NMa: This procedure allocates the compost applied to crops according to the degree of N mineralization in soil.

Crop sequence column refers to data that is common for the two crops

2 There was not crop during the period from February 16, 2012 to June 10, 2012.

%|C: Industrial compost

“HC: Home compost

*The composts were applied to plots at the beginning of the crop sequence

®Cultivation period refers to the duration of crop since plantation to harvesting. A horticultural inactivity GAP of 105 days was
considered between the two crops

"It was considered for the Ta (allocation procedure) that the compost is applied to plots every two years

Thelettersin theleft side of the table (column L) were used for the calculations

fd=b/c

% =a-d

°The period considered for the N mineralization for the APB procedure was one calendar year

Mt was considered a constant degree of N mineralization of 40% for the first year (365 days)

Ph=p/f
Bi=g-h
Y=a i

The irrigation water applied to each crop was similar for the three fertilization
treatments (IC, HC and MF), Table 6.1. According to Directive 91/676 (European
Economic Community 1991), the high content of nitrogen found in the ground water
(1.86 miliequivalents of NO3 = 115.32 g NO3 - m™) nearby of the experimental plots
was out of limit permissible (50 g NO3 - m®). Therefore, the nitrogen content in the

ground water was accounted as a contribution of nutrient to crops (Table 6.1).

6.2.12 Degree of nitrogen mineralization

The compost is characterized as a slow release-nutrient fertilizer, which is normally
applied to fulfill an entire cropping plan (van Zeijts et al., 1999). The degree of N
mineralization after the application of compost can vary significantly. Severa causes
affect then mineraization in soil: the fact of the nitrogen depends primarily on the

composition and maturity of the compost, as well as climatic conditions and
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management practices, among others. Several rates of mineralization of nitrogen have
been determined by researchers such as Martinez-Blanco et a. 2013 who considered
rates between 5-22% for the first year of compost application, and 40-50% for the
following 3rd-5th years. Experts on compost production and its application in the
Catalonia region reported rates of 60% of the nitrogen available in the soil during the
first year and 40% for the second year (Bernat et al., 2000; Martinez et a., 2013). For
this study, arate of 40% was used to calculate the mineralization of the N availablein
the compost (IC and HC). This consideration in the degree of N mineralization in soil
was for the first year of compost application and it is assumed a constant degradation
rate over the time. The remainder N in soil will mineralize at a constant rate of 20%
for the second year and so on until complete the entire mineralization cycle over the

time.

6.2.13 Nitrogen provided to crops

The N provided to crops (Table 6.1) was from three sources: a. from irrigation water,
b. from rainfall and c. from organic (IC and HC) and minera fertilizers (MF). The N
content in the irrigation water (1.86 miliequivalents of N = 26.1 gN-m®) was
experimentally measured from the ground water taken from a well located near the
plots. As well as, the N in rainfall was of 0.00076 L-m™. In the case of the N content
in the organic fertilizer (IC and HC), they were experimentally measured from
samples (Annex 6.6). Furthermore, the N supplied by the organic fertilizer varied
according to the allocation method. As explained before, the first allocation method
was based on the cultivation time (from plantation to harvesting) and the second one
took into account the degree of N mineralization (i.e. 40% for the first year). In the
case of organic fertilizer, the doses applied of KNO3; were also experimentaly

calculated taking into consideration the type of crop and the nitrogen available in soil.

6.2.14 Nitrogen uptake by crops

The N uptake by the fruits was experimentally measured from biomass samples per
m? and per plant for the three fertilization treatments. Determinations of NOs N
content were done following the method Keeney and Nelson (1982). Total and
marketable yield in the whole plot area were determined at harvest time. The plants,
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sampled in the harvest period, were dried at 65 °C until constant weight and its N
content analyzed in fruits, leaves and stems by the Kjldahl method (Doltra and
Mufioz, 2010). The N uptake by m? and plant is presented in Table 6.3.

Table 6.3 Nitrogen uptake by crops per m”and plant

Crop sequence
Cauliflower Tomato
Units IC' HC® MFP IC  HC MF

Yield* gdry matter-m® 342 353 319 709 619 836
N uptake gN-m? 28 26 27 22 16 21
Plantation density  pl-m” 21 21 21 05 05 05
Yield gdry metter-pl* 164 169 153 1,418 1,239 1,672
N uptake gN- pl? 13 12 13 44 31 43

1C: Industrial compost

’HC: Home compost

*MF: Mineral fertilizer

“Samples of plants were analyzed to determine N content in the biomass (fruit, leaves and stem)

6.2.15 Carbon sequestration

Sequestration of C into soil can be seen as removal of C from atmosphere and
trandated to saved CO;, emissions, being directly related to the category of “Global
warming” (Martinez et al., 2013). As presented by Smith et al. (2001), the carbon
sequestration has been recognized by the Intergovernmental Panel on Climate Change
(IPCC, 2006) as one of the possible measures through which greenhouse gas

emissions can be mitigated.

Carbon sequestration is calculated as a percentage of the added carbon in the treated
organic waste permanently bound in the soil (Hansen, 2006). After the compost is
produced and applied to the land, it continues to degrade, releasing carbon dioxide
and forming humic compounds. We assumed that only 8.2% of C content in compost
remains in soil 100 years after its application and the remaining 91.8% will be
mineralised to CO, over the time (Handsen et al., 2006; Smith et al., 2001; Martinez
et al., 2010a; Martinez et al., 2010b). The carbon sequestration calculated for each

crop was considered as a negative contribution to the total greenhouse gas emission.
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Table 6.4 shows the carbon sequestration per crop for the two compost allocation
procedures (Taand NMa).

Table 6.4 Carbon sequestration per crop and fertilization treatment

Horticural
Crop sequence” Cauliflower inactivity GAP” Tomato
Fertilization treatment Units I’ HC* IC HC IC HC IC HC

- kgof compost™ 161 344

C content in compost®
Compost allocated to crops®

C content in compost applied’
© sequestralion8

Compost allocated to crop®

C contertt in compost applied™
C sequestration'*

188 274 158 230 203 296
30 94 25 79 33 102
24 7.5 2.0 6.3 2.6 8.1
151 219 127 184 163 237
24 75 20 63 26 81
1.9 6.0 1.6 51 21 6.5

ed es
Ta
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#Ta: Time alocation procedure allocates compost applied according to cultivation time

PNIMa: N mineralization procedure allocates compost applied according to the N mineralization in soil

Crop sequence column refers to data that are common for the crops

There was not crop during the period from February 16, 2012 to June 10, 2012. The carbon sequestered was allocated in the
environmental assessment proportionally to crop according to the allocation procedure

%|C: Industrial compost

“HC: Home compost

*The C content in compost was experimentally determined (compost characterization)

9The compost was allocated according to the two allocation procedures (Table 2)

Thelettersin theleft side of the table (column L) were used for the calculations

"c = a-b/1000 (conversion factor kg / g)

8d = c-8%, it was considered that 8% of C contained in the compost applied is retained in soil after 100 years
10 = a-f /1000 (conversion factor kg / g)

h=g-8%

6.3 Results and discussion

This section presents the analysis of results for the agricultural parameters
experimentally measured and the environmental assessment of the systems. The
agricultural parameters measured were the yield, nitrogen uptake by the crops, the
degree of N mineralization in soil and the carbon sequestration. The environmental
assessment was leaded by stages and sub-stages and for the total impacts. Likewise,
the analysis for the total impacts were split by crops, fertilization treatments and the

allocation procedure used to allocate the compost applied to plots.

6.3.1 Agricultural parameters

6.3.1.1 Yield
The total yield varied according to crops and fertilization treatments. As shown in
Figure 6.1, the crops (cauliflower and tomato) fertilized with MF had the best

agronomical performance. The yield for cauliflower fertilized with MF was 26% and
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91% higher than cauliflower fertilized with IC and HC, respectively. While, the yield
for tomato fertilized with MF and HC was the same for both but tomato fertilized
with 1C was 22% lower than MF and HC. The weather condition affected negatively
the yield of cauliflower. A lot of rainfall at the beginning of the cultivation surely
caused fertilizers leachate and consequently nutrients loss (nitrogen). Also, the rain
delayed the MF application with the consequent reduction of the quantity applied.
Due to the compost was applied to cover the nutrient needs for a cycle of two years
until the next application; therefore, the nutrient loss by the high rainfall also affected
negatively the yield of tomato. Furthermore, it is important to highlight that the
quantity and availability of the fertilizers are crucial for the crop yield, for example,
the fact of the nutrients in MF are already mineralized in form of NOg3; so, they are
amost immediately available to be assimilated by the crops for its metabolic
processes. On the other hand, the organic fertilizers (compost) are characterized by a
slow nutrient release in which the conversion process are highly dependent on several
variables such as nutrient content, maturity and stability of compost, cultivation

management and the weather conditions.

A literature review showed a lacking of data for yields of tomato and cauliflower
under similar cultivation management. Although, in different condition (i.e. different
dose of fertilizer and weather conditions), Martinez et al. (2011) reported commercial
yields of 1 and 10 times higher for cauliflower and tomato fertilized with MF. It is
presumed that the higher yields applied in those crop were favored by the weather
conditions and a higher dose of MF applied to crops, among others. In the case of
tomato, this was a traditiona variety (Lycopersicom esculemtum Var. Punxa) which
normally presents inferiors yields than the variety cultivated (Lycopersicom
esculemtum Var. Elvirado) in Martinez et a. (2011) essays. However, the yields
found in the current essay (2-4 kg-m™ for a density of 0.5 pl- m?) were similar of
those reported in Casals et al. (2011) (2-3 kg-m™ for a density of 0.5 pl-m™) for the

same variety (Lycopersicom esculemtum Var. Punxa).
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6.3.1.2 Nitrogen applied and uptake by crops

Asshown in Table 6.1 the total N supplied to crops through the compost applied was
similar regarding the fertilization treatments (IC and HC) for a same crop and
compost allocation procedure. For the cauliflower crop, the total N supplied through
MF was lower than IC and HC. The differences between MF and 1C and HC ranged
from 25-37%, depending on the fertilization treatment and compost allocation
procedure. Meanwhile, the N total supplied through MF for tomato crop was higher
than IC and HC. For this case, the differences varied between 62-73% depending on
the fertilization treatment and compost allocation procedure.

In general, as seen in Table 6.1 the quantity of MF supplied to tomato was 4 folds
higher than cauliflower. This result is explained because tomato is a more
demanding-nutrient crop than cauliflower. Furthermore, the great quantity of rainfall
at the beginning of the cultivation delayed the application and quantity of MF for

cauliflower crop.

Regarding, the N uptake was similar for a same crop regardiess the fertilization
treatment (Table 6.3). The results shows that the N uptake (gN-pl™) was considerable
higher in the tomato crop. Depending on the fertilization treatment, the N uptake
(gN-pl™) for tomato was about 2-3 fold higher than cauliflower. The low quantity of
N uptake by tomato crop for the case of HC (31 gN-pl™) was considered a specia

case attributable to random conditions of the experiment.

The rough balance of N between the N uptake (Table 6.3) and the N provided (Table
6.1) indicated that great part of the N uptake was supplied by the soil in both crops.
The N uptake for cauliflower was in an average of 27 gN-m? for the three
fertilization treatments (IC, HC and MF), meanwhile the average of N supplied to
crop was of 5 gN-m™. Thereby, almost 22 gN-m™ (440%) of N uptake was sourced
by the N storage in soil. Similarly for tomato crop but in less proportion, the N uptake
(average of 19 gN - m?) for IC and HC against the N supplied (average of 11 gN-m?).
In the case of MF for tomato the N uptake (21 gN - m?) was 3 gN - m? higher than the
N supplied (18 gN - m?). The result indicated that the soil of the experimental plot
operated as reservoir of N which surely was applied with the fertilizers (organics or

minerals) to crops previously cultivated.
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6.3.1.3 Carbon sequestration

The carbon sequestration accounted was decreased to the total impact for the CC
category. As seen in Figure 6.2, the carbon sequestration represented a great
contribution (i.e. 3-18% of the total impact) in the environmental performance of the
systems for the global warming potential. The results of carbon sequestration varied
depending on the crop and fertilization treatment, the highest values for carbon
sequestration were for the crops fertilized with HC. Now, regardless the allocation
procedure for the compost applied to crops, the carbon sequestration was
approximately three times higher for the systems fertilized with HC than IC (Table
6.4). As seen in the Table 6.4, the higher quantity of carbon sequestration for HC
systems was due to a great quantity of compost applied and its high content of C
which was two times higher than IC. Meanwhile, regardiess the fertilization
treatments (IC and HC), the carbon sequestered was 25% higher for the time
allocation procedure (Ta) than the allocation procedure based on the degree of N
mineralization (NMa) in soil. The differences found between allocation procedures
were due to Ta allocated a higher quantity of compost than NMa procedure.
Likewise, Ta procedure had an alocation factor a little higher (2-3%) than the
calculated for NMa (Table 6.2).

6.3.2 Environmental assessment

6.3.2.1 Environmental assessment by stages and sub-stages

Figure 6.2 presents the environmental impacts of the different stages and sub-stages
per crop type, category and per fertilization treatment. Figure 6.2 (a, b) show that the
compost production stage which considers element such as. energy, water, building
and process emissions, was the greatest impact contributor for POF and TA. These
results were for both crops (cauliflower and tomato) fertilized with IC. The impacts
for these categories were mainly produced by the NH3 emitted during the composting
process. For the remainder categories (CC, FE, ME, FD and CED), the impacts for
both crops varied mainly with the stages related to the cultivation phase. For example
in the cauliflower crop fertilized with IC the fertirrigation stage (i.e. primary pipe)
was the highest impact contributor for CC, FE, FD and CED categories. Whilst the
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tomato crop which had a higher irrigation than the cauliflower, the irrigation stage
showed the greatest impacts in CC, FD and CED. In those categories the impacts
were due to the electricity consumed for the two pumps used to pump the water from

well and to irrigate the crops.
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a. Cavliflower fertilized with industrial compost b. Tomato fertilized with industrial compost
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Figure 6.2 (c, d) shows the impacts for cauliflower and tomato fertilized with HC,
respectively. The machinery and tools used in the tillage operations (i.e. soil
preparation, compost application, etc.) represented the highest impacts for cauliflower
in the most categories assessed (CC, POF and FD), Figure 6.2c. While, in the case of
tomato crop, the stages of machinery and tools and the irrigation were the greatest
contributors for the most categories (CC, POF, FE, FD and CED). It is remarkable
(Figures 6.2c and 6.2d) the amount of the carbon sequestration for both crops which
represented a negative contribution in the CC category. The results showed that the
carbon sequestration was two folds higher for crops fertilized with HC than IC which
is explained due to a greater content of C (344 g - kg of compost™) (Table 6.4) in HC
and the high quantity of HC (16 tons - ha™*) applied to crops (Table 6.2).

Now comparing MF with IC and HC, we can see significant difference in the
environmental assessment of the systems (Figures 6.2d and 6.2€). The machinery and
tools and fertirrigation were the stages that most affected the environmental
performance of the cauliflower crop. Meanwhile, minera fertilizer production, the
phytosanitary substances and irrigation were the stages that most contributed in the
environmental performance of the tomato crop. Two reasons explain the impact
differences between the two systems, the high quantity of MF (KNOs) applied to
tomato that was eleven times greater than cauliflower (Table 6.1). Furthermore, as
explained in the methods section, the high quantity of irrigation water applied to
tomato which was almost three times higher than cauliflower. While, the high
quantity of water applied to tomato considerably affected other stages (i.e. irrigation)
due to the electricity consumption by the two pumps used to pump water from well

and to irrigate the crop plots.

6.3.2.2 Total environmental assessment

As shown in Figure 6.3, the systems were classified according to crop type
(cauliflower and tomato), fertilization treatment (IC, HC and MF) and the allocation
procedure used to allocate the compost applied to crops (Ta and NMa). Regardless
the fertilization treatment and the compost allocation procedure, the cauliflower crop
had a better environmental performance than tomato for all impact categories. The

high quantity of irrigation water as well as the fertilizer applied was the main
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elements that affected the performance of the tomato crop. On the one hand, for
tomato crop, the irrigation implied the use of more pump-hours, so a mayor
electricity consumption by the use of pumps to pump water from well and to irrigate
the plots. Furthermore, the application of greater quantity of compost applied to
tomato meant a mayor use of machinery in soil due to the tillage operations to apply
and prepare the soil for the cultivations steps.

The fertilization treatment with HC had the best results than IC and MF in all impact
categories except in TA in which MF had the lowest impact. Although, the
differences for TA were not as significant between HC and MF, it is known that the

organic fertilizers have emissions of NH3; and NOx (a great contributor of TA.

In regards to alocation procedure, as shown in Figure 6.3, the crops (cauliflower and
tomato) fertilized with IC and Ta (i.e. alocation procedure based on the cultivation
time) had the greatest environmental impact in all categories except in CC and ME
where the highest impact was for NMA (i.e. allocation procedure based on the degree
of N mineralization). The impacts vaues ranged between 7-14% depending on the
crop and the category considered. While, the crops fertilized with HC, the NMa
procedure showed the highest impacts in all categories assessed. For this case, the
impacts were between 1-14% depending on the crop and the category. For our case of
study, an opposite trend was observed when analyzing the results according to the
allocation procedure. The compost production stages for HC had low contribution in
the total impacts (<10%), while in I1C the contribution of those stages (i.e. compost
production plus transportation) the impacts ranged between 12-50%. Thereby, a
greater contribution in the compost production stage, so a lower contribution in the
cultivation stages. Therefore, Ta showed better results in such cases with low
incidence in the compost production (HC) and NMa in those cases with high

contribution of the production process (IC).
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In order to study the potential environmental benefits of the entire crop cycle

regarding the individual crops, the impacts were calculated per day for the two crops

and for each fertilization treatment, and for the entire crop cycle (i.e. sum of impacts
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of both crop), Figure 6.4. In general it was observed that the impacts of the entire
horticultural cycle were lower than the individual crop in the most categories
assessed. Although, the differences were higher between the cycle and tomato crop
due to in general this crop had greater impacts than cauliflower. As explained in
others sections, the tomato crop was more irrigated and more quantity of mineral

fertilizer was applied.
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6.3.2.3 Discussion

The agronomical and environmental performance of cropping systems is the result of
a complex interrelation of variables such as crop type, weather conditions, fertilizer
type and crop management. The interrelation in the variables is key factor for a
sustainable crop sequence. By one side we observed that the fertilization with MF for
both crops (cauliflower and tomato) was much better than the fertilization with
organic matter (IC and HC). However, on the other hand, the environmental
performance of the crop fertilized with organic fertilizer (HC) was better than MF.
From this research we observed that the yield of crops is highly depended on the
nutrient supplied to crops and the grade of N mineraization in soil. The nutrient
supply depends on severa variables, weather conditions (rainfall), irrigation water,
the nutrient content (nitrogen) in fertilizers, allocation methods of compost to crop
and horticultural management practices. For our case of study no literature references
under similar production and application of fertilizer in crops were found to compare
results. Martinez et a. (2011) reported higher yields for cauliflower and tomato
cultivated in the same plots were our study was made. Although, the horticultural
results found by Martinez e al. (2011) were for crops cultivated in different
conditions such as. crop management, cycles and varieties, sourcing of compost;

nutrient concentration in compost; irrigation, doses and weather conditions.

Even though N content in IC was 47% higher than HC (Table 6.1), the fina N
applied to crops was very similar for both fertilization trestments (IC and HC) due to
the quantity of compost applied to HC compensate the N concentration registered for
IC.

The total N provided to crops varied according to the fertilization treatment, crop and
allocation procedure for compost applied (Table 6.1). Furthermore, the quantity of N
applied varied considerably with the crop type (i.e. the N applied to tomato crop was
two folds higher than cauliflower except for minera fertilizer).

In horticultura crops, it is very important the balance between the nutrients need by
the crop and the N content in soil because not necessarily great quantities of N
applied to crop will guarantee a greater crop yield. Aswas observed in this study, the

N uptake was very similar in a same crop with an average for the three fertilization
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treatment (IC, HC and MF) of 27 gN-m? for cauliflower and 21 gN-m™ for tomato
(Table 6.3). Then, regardless the allocation procedure, the N supplied wasin the order
of 7.5 gN-m™? and 16 gN-m™ for cauliflower and tomato, respectively. Therefore, a
rough balance shows that almost 20 gN-m™ and 4 gN-m™ for cauliflower and tomato,
respectively, were supplied from the N storage in soil. While, the situation was alittle
different with MF, the N uptake by the cauliflower was 27 gN-m and 21 gN-m? for
cauliflower and tomato, respectively, while the total N supplied to cropswas 5 gN-m’
2 for cauliflower and 23 gN-m™ tomato, respectively. The net balance showed that in
the case of cauliflower 21 gN-m™ was taken from soil and the tomato crop exceeded
N requirements in about 2 gN-m™ which surely will remain in ground for future
crops. This great provision of N from soil in the case of minera fertilizer for the
cauliflower crop should be considered as a negative environmental effect because the

soil lost an important source of nutrients.

Despite of the range of benefits of the compost applied to crops; it enhances soil
aggregate stability and reduces risk of erosion (Annabi et al., 2011); increases soil
porosity (Hargreaves et al., 2008); and releases nutrients including C and N (Benitez
et a., 2003). However, the levels of N in the compost applied (1-2.5% N-Kjedhal)
which are considerably lower than the inorganic fertilized (14% of N in KNOg)
required high quantity of compost to compensate the N differences. Asin our study
case, Thangargjan et al. (2013) reported low levels of N content in compost between
1-2%; and 46% for inorganic fertilizers (Urea). Though beneficial, compost
production and application are associated with some risk and problems such as
contamination by heavy metals, salts, weed seeds, and pathogens (Chan et al., 2007).
In addition the mayor concern of composting is C and N-losses which decrease the
agronomic value of compost and also contribute to GHG (Hao et a., 2004) and other
environmental impacts such eutrophication (freshwater and marine) and terrestrial
acidification.
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6.3.3 Conclusions

The present research was carried out using the LCA methodology for the evaluation
of a crop sequence of tomato and cauliflower for one year cycle. Organic and mineral
fertilizer can be used as minera substitute in crops. The home compost showed the
best environmental performance than industrial compost and mineral fertilizer in the
most impact categories, except in terrestrial acidification and marine eutrophication.
Emissions occurred due to compost degradation in soil by the biological activity are
the main contributor for those categories. The environmental performance of the
horticultural systems was better for the allocation procedure based on the cultivation
time than the degree mineralization in soil. Crops fertilized with IC had a better
environmental result (less impact per category) than HC when considering the
allocation procedure based on the degree of N mineralization in soil. This trend was
observed since for this fertilizer the compost production stage had a great
contribution in the total environmental impacts. The environmental analysis showed a
better result of the entire cycle of the crop sequence than the individual crops in the
most categories considered. In terms of the agronomical results, the mineral fertilizer
gave higher yields than the crop fertilized with home and industrial compost. This
yield isdue to in part the prompt availability of nutrient to plants due to the nutrient is
already mineralized as KNOj at the time of application. While, in the case of organic
fertilizer, the mineralization of nitrogen is slow and gradually in time, so it is no
prompt availability of nutrients to crops. Likewise, the mineraization process
depends on some other conditions such as maturity and stability of the compost,
weather conditions, soil type, horticultural management; and the nutrient content in
the compostable material.

Future research should be recommended in the same field plots where the current
experiment was conducted to evaluate and validate results of the current work such as
the degree of N mineralization in soil. As well as, future research in the same fields
should be needed in a crop rotation by varying and testing some variables such as,
weather condition, year season, organic fertilizers compositions and horticultural

management.
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7.1 Discussion

This chapter presents a discussion of the main highlights found from the case studies
developed in the dissertation. The outcomes of the thesis and its related discussion
are directly linked with the proposed objectives for each case study. In general, the
thesis focused in technologies for a sustainable management of municipal solid waste.
Specificaly, a new technology to treat unsorted municipal solid waste was studied to
observe its environmental performance which was compared with two well-known
traditional technologies: incineration and landfill. Secondly, it was considered the
treatment of the organic matter from municipa solid waste (MSW) to produce
compost which was applied in horticultural crops. Regarding the transformation of
the organic matter to produce compost, a case study was developed to observe the
environmental and agronomical performance of industrial and home compost versus
mineral fertilizers. Another case study was developed to compare the environmental
impacts of two home composts with low and high gaseous emissions of the home
composting process. Finally, a case study was carried out to analyze the
environmental behavior of a crop sequence of cauliflower and tomato for one-year
horticultural cycle. Thereby, as stated in the dissertation, the cornerstone for a
sustai nable management of waste is based on the use technologies to avoid or at least

to reduce environmental pollution.

7.1.1 Environmental assessment of technologies to treat municipal solid
waste

The European Union countries set goals to reduce the quantity of waste to landfill

(Directive 1999/31/CE). Autoclaving technology is seen as an aternative to achieve

in part EU goals. This new technology combined with biological treatments

technologies presents several advantages regarding traditional ones (incineration and

landfill) such as the separation of recyclables (i.e. metals and plastics) in single
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fractions (PET, metals, mixed plastics, etc.) and the formation of an organic fiber
(OF) from the biodegradable material content in the waste stream. However,
autoclaving presents several disadvantages mainly by the great quantity of energy
consumed to carry out the process. It is clearly observed in the environmental
assessment that the energy consumption was the main contributor in the most
categories assessed, and autoclaving was the main energy consumer regarding other
processes (e.g. sorting and biological treatments). As stated in the case study,
autoclaving should always be seen as part of an integrated system along with sorting
process and biological technologies for the treatment of the OF resulting from its
process. Autoclaving has a total energy consumption of 287 kWh / tonne of unsorted
municipal solid waste processed, which 120 kWh corresponds to electricity and 167
kwh for thermal energy (heat). In fact, it can be observed that autoclaving
represented between 98% and 59% of the total energy (electricity + heat) consumed
in the entire system (autoclaving + sorting + biological treatments). This energy
consumption was related to the technologies considered, e.g. composting in tunnels
(CT) and turning windrows (TW) which ranked as the higher (216 kWh / tonne
OFMSW) and the lowest (5 kWh / tonne OFMWS) energy consumption,
respectively. However, part of the energy and resources consumed by autoclaving,
the sorting process and the biologica treatments was greatly compensated by the
energy recovery with the incineration of the mixed plastic fraction (300 kg) resulting
from autoclaving process. For this fraction, a lower heating value (LHV) of 31,000
MJ / tonne of mixed plastic was considered which means a high calorific power.
Although, in less proportion, the results were also favored by the recyclable fractions
(PET and metals) resulting from autoclaving which were credited by the sorting
process, and N, P and K content in compost produced from the autoclaved OF. N, P
and K content in compost were credited to the biological treatments. Due to its
physical, chemical and biological characteristic the compost produced from OF was
comparable with the compost obtained from OFM SW.

It was observed that the results of autoclaving can be improved by increasing
efficiencies of other processes (i.e. recycling and biological treatments). Furthermore,
the results can be improved by looking for better technologies (i.e. high process
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efficiencies) to treat the resulting products from autoclaving and a better quality of
final products: OF’s and the compost obtained from this. Likewise, different
compositions (organic matter, paper & cardboard, glass, metals, .etc.) for the entry
waste stream can considerably change the results found in this dissertation. For
example, a high content of plastics in the waste stream would contribute to a grest
benefit to systems due to the high calorific power of this fraction. Aswell as, awaste
stream composition with high quantity of PET and metals will do autoclaving more

attractive technology than others (e.g. incineration).

The incineration of mixed plastic fraction was credited to systems (autoclaving +
sorting + biological treatments). Likewise, as seen in the sensitivity analysis, higher
efficiencies for energy recovery (electricity and heat) will be directly proportional to

the improvement of the environmental performance of the systems.

The systems integrated by autoclaving, sorting and biological treatments represent an
option for unsorted municipal solid waste when compared with landfill and
incineration. The anaerobic digestion, both thermophilic and mesophilic ranges,
showed the best environmental performance in eutrophication potential (EP) and
globa warming potential (GWP). In the remainder categories incineration had the
best environmental performance except in photochemical oxidation potential where
the best result was for turning windrow composting (TW). Although, incineration had
a better result in four of the seven impact categories considered, the differences
against anaerobic technologies were relatively low (8% to 25%); differences varied
depending on the category considered. Due to uncertanties associated to systems,
differences of around 10% are considered negligible. Even so, despite the energy
recovery (i.e. electricity) from the biogas collect in landfill which was credited to this
technology, this alternative showed the worst environmental performance for the

management of unsorted MSW.

The autoclaving technology could be considered as a controversial technology in
those countries which are promoting the selective waste collection. However, the
most of those countries till have a high volume of unsorted waste from its
mechanical biologica treatments that generaly is landfilled. Therefore, according to
the scope of this dissertation, autoclaving represents an alternative for those countries
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without a selective waste collection or those who still have high unsorted fraction.
Despite autoclaving technology represents an option for the treatment of unsorted
municipal solid waste. This technology should be studied by taking into consideration

economic and social indicators.

7.1.2 Environmental assessment of organic and mineral fertilizers

In this contest three main subjects arise for a discussion in this dissertation: 1. the
application of compost (industrial and home) to cauliflower crops and its
environmental and agronomical comparison with minera fertilizers, 2. the
environmental assessment of two home composts with high and low gaseous
emissions of the composting process, applied in horticultural crop; and 3. the

environmental assessments of a crop sequence of tomato and cauliflower.

Life cycle methodology (LCA) isarobust tool to study the environmental impacts for
an entire life cycle of a product, process or activity. The life cycle for organic matter
from municipal solid waste was studied for real case studies, from the collection of
organic waste, transformation to compost, its transportation, for those cases in which
it applies, its application to crops and waste management. This typical LCA is an
approach "from cradle to grave " defined by 1SO 14044. Minerd fertilizer (i.e. KNOj3
for our case study) which is the most common fertilizer (i.e. nutrient) used in crops
by farmers was also considered for the environmental comparison with the two
organic fertilizers (industrial compost and home compost). As well as for organic
fertilizer, the entire life cycle was considered for the mineral fertilizer according to

ecoinvent database.

As a main finding of this research was the suitability of compost (industrial and
home) to be used as minera fertilizer substitute. This condition was experimentally
revealed by its physical, chemical and biological characteristics presented in the final
composts which were applied to crops. The compost were according to Spanish
legidation (Royal Decree 506/2013) which set the parameters for moisture, organic
matter and heavy metals content in compost in order to be used in soil applications
(i.e. as soil amendment or as substitute of mineral fertilizer). Likewise, both compost

(industrial and home compost) were considered as stable material with a Dynamic

208



Chapter 7 Discussion, conclusions and future perspectives

Respiration Index (DRI) of 0.89 mg O,-g* OM h'* and 0.43 mg O,-g* OM h'* for
industrial compost and home compost, respectively. These DRI were according to
European Commission for bio-waste management (2008). This European
Commission sets a DRI of 1 mg O,-g* OM h™* to consider compost as stable material
suitable to be used in soil applications.

The agronomical results showed a better yield for mineral fertilizers regarding the
organic fertilizers. However, the home compost presented a better performance than
industrial compost and minera fertilizersin some quality parameters such weight and
diameter of fruits (i.e. cauliflowers). The high yield of fruits obtained with mineral
fertilizer can be explained by two main factors. the slow mineralization rate of the
nutrient content in compost and the atypical weather conditions observed during the
harvesting. The nutrients (N) applied to crop were experimentally calculated in order
to have the same nutrient quantity for the three fertilization treatments (industrial
compost, home compost and mineral fertilizer). Atypical weather condition
(temperature and rain) affected the application of fertilizers. The excessive rainfal at
the begging of the crop may cause leachate of nutrients contained in the organic
fertilizers. This weather situation delayed mineral fertilizer application. Therefore, the
availability of nutrients (N) to plants affected the crop yields. Organic fertilizer has a
slow mineralization rate of N in soil, in contrast with the mineral fertilizer in which N
is already mineralized and almost immediately available to be used by plants. On the
other hand, the high temperature registered for the harvesting period (1.9 °C
compared with other periods) affected the floral induction and ultimately affected the
cauliflower yield for the three fertilization trestments.

Then, when comparing the environmental assessment of the three fertilizer treatments
(industrial compost, home compost and mineral fertilizers) it was observed that home
compost showed the best environmental performance regarding industrial compost
and mineral fertilizers. Therefore, considering not only the agronomical results but
the environmental performance, home compost is a good alternative for management
the organic fraction from MSW. For example, regarding industrial compost, the home

compost avoids the collection of waste, the transport to industrial facilities and to
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crop areas. Moreover, this aternative avoids CO, emissions and other environmental
pollutants, and it also represents economical saving for farmers.

7.1.3 Environmental assessment of gaseous emissions of the composting
process

The environmental sustainability in waste management considers two mayor
objectives: conservation resources and pollution prevention. As seen before, the
home compost is a suitable alternative to be used as mineral fertilizer substitute. The
use of compost in agriculture not only reduces the total amount of waste being
dumped but also contributes to eliminate most of the pathogenic microorganisms and
reduces odours to environment. Thus, the use of compost in agriculture represents a
sustainable alternative for the treatment of bio-waste from the MSW. A critical issue
in the composting is the management of the home composting process which can
limited its use as organic fertilizer or in soil amendment. The gaseous emissions
(CH4, N2O, NH3 and VOC’s) of the composting process play an important role in the
environmental performance of the horticultural systems. In the current case study was
demonstrated that the differences in the composting process for the two home
composts with high and low gaseous emissions of the composting process
considerably affected the environmental performance of a horticultural cauliflower
crop. Asshown in Table 7.1, differences in CH, and N,O accounted a high impact of
241% for global warming potential category. Meanwhile, differences in NHj
accounted high impacts of 210%, 25% and 33% for acidification potential,
eutrophication potential and photochemical oxidation, respectively.
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Table 7.1 Emissions and impacts per categoriesfor the two home composts

HC-HE® HC-LE? DIFERENCE
Impact oot Emission Emission Emission
Element | category qUnits kg/tonne of |mpacts kg/ton of Impacts| |kg/tonneof  Impacts
affected LRFV? LRFV LRFV
CHa . 1350 0295 _| 105 .
N+ | GWP' kgCOen| A0 0020 |-| S 0069 |=| 20 0049 241%
AP°  kgSO, eq. 4.830 1.560 3.270 210%
NH; EP° kg PO, eg. 1.30 -2.860 | - 0.025 -3.570 | = 1.275 0.710 25%
POP" kg C,H, eq. -0.031 -0.041 0.010 33%

'HC-HE: Home compost high emission

’HC-LE: Home compost low emission

3LFRV: Left over of fruit and vegetables

*GWP: Global warming potential

°AP: Acidification potential

®EP: Eutrophication potential

"POP: Photochemical oxidation

**N,O was the highest contributor for GWP (~90%).

Although, both composts (i.e. high and low gaseous emissions of the composting
process) were produced under similar conditions for energy, water and materias
consumption. However some differences in the compost production management
were found, for example, in HC-LE the composting material was more frequently
mixed than HC-HE; the humidity was rigorously monitored and adjusted for HC-LE.
Others external factors affected the gaseous emissions such as temperature which was
a little higher in HC-LE. Many factors influence the gaseous emissions of the
composting process. Some of them are externa variables such as: quality and
composition of waste stream, weather conditions (ambient temperature and
precipitation) which are clearly beyond the control of compost producers, although
many other factors can be managed with proper planning. Some of these factors, for
example, include type of equipment used for turning the compostable material,
frequency of turning, quantities, and/or ratios of feedstocks, and composting methods.
Compost mixing should be based on feedstock properties such as C:N ratios,
moisture content, bulk density, and particle size. Another important issue to consider
is the good aeration of the composting to offer the environmental conditions for the
aerobic microbe activity. As microbial activity increases in the composter, the

microbes will consume more oxygen. If the oxygen supply is not replenished,
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composting can shift to anaerobic decomposition, thus slowing the rate of the
composting process and leading to foul odors, high emission of N,O, among others.
Therefore, understanding the interactions and trade-offs associated with such factors

will help compost managers to adjust the quality and consistency of their compost.

7.1.4 Environmental assessment of fertilizers in a crop sequence

The final part of this dissertation presented in chapter 6 considered the study of a crop
sequence of cauliflower and tomato for one-year horticultural cycle. Agronomical and
environmental issues related to each crop and for the entire crop sequence were
considered in the research. Mineral fertilizer treatment had better yields than the crop
fertilized with organic fertilizers (industrial and home compost). The better yields for
mineral fertilizers are explained in part due to organic fertilizer is a slow nutrient
release, in contrast, with mineral fertilizer which the nutrient (N) content in the
KNOs is aready mineralized and aimost immediately available to be used by the
crops. In genera, the fruit yields were affected for both crops due to the atypical
whether conditions observed at the beginning of the cauliflower crop. High rainfall
and temperatures were registered regarding other years. The high rainfall maybe
caused the loss of nutrients content in organic fertilizer and delay mineral fertilizers
application.  Although, statistically (95% confidence) the differences were not
significant between cauliflowers fertilized with mineral fertilizer versus organic
fertilizer, those yield differences obtained in cauliflower were considerably higher

than tomato crop fertilized for both fertilizers (i.e. organic versus mineral fertilizers).

Regardless the alocation procedure used for the allocation of compost to crops, it
was observed that the total nutrients (N) provided to tomato was 1.85 times higher
than cauliflower. The irrigation water was the main contributor of N to crops. The
irrigation water provided to tomato (~ 300 L - m?) was 3 times higher than
cauliflower (=100 L - m-2). Tomato was grown in summer season which is
characterized by low rainfal in the Mediterranean countries. Furthermore, as
explained before, the high rainfall at the beginning of the cauliflower crop reduced
greatly the quantity of groundwater applied.
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The ground water where the crops were grown (Santa Susana, NE Catalonia) had
1.86 meq. (N = 26.1 gN-m™3). This concentration of N in groundwater is out of the
limit sets by the EU Directive 91/676 (European Economic Community, 1991).
Therefore, in a context of sustainable agriculture, the irrigation of crops with
groundwater favored the crops in the experiment. This issue must be carefully
monitored by authorities. Otherwise, this groundwater represents a potential pollution
risk for the environment (e.g. eutrophication) as well as for the heath of nearby

people to crop zone.

The N balance (N uptake — N supplied) carried to the crop sequence showed that N
uptake by crops was higher than the N applied. As shown in results, the N uptake for
cauliflower and tomato was in average of 27 gN - m? and 19 gN - m™ for the three
fertilization treatments (industrial compost, home compost and mineral fertilizer). In
the case of cauliflower, the N supplied to crop was in average of 5.4 gN - m™ for
organic fertilizers and 3.8 gN - m™ for mineral fertilizer. While, the N supplied to
tomato crop wasin average of 11 gN - m™for organic fertilizers and 17.9 gN - m™?for
minera fertilizer. Therefore, according to N balance a great shortage was observed
specialy in cauliflower. This N shortage had to be supplied by soil which acts as N
reservoir. Therisk of nutrient depletion is latent, as in this case, when the amount of
nutrient added to crop is less than the amount of nutrients removed from the soil in
form of crop yields and residues. Other potential consequences of nutrient depletion
are that soil fertility declines, crop growth and inputs of carbon to the soil declines,

and for instance, the soil is left open to the negative effects of erosion.

Regarding the environmental assessment, in general tomato crop showed highest
impacts than cauliflower in al categories considered. Electricity consumption in
tomato crop was the element that most affected its environmental performance. The
fact that tomato was grown in summer season implied higher amount of water to
irrigate the crops. Electricity was consumed to pump water from well and to irrigate
the crops. Then, the home compost treatment had the best environmental performance
in all impact categories for the two crops except in terrestrial acidification where the

best result was for mineral fertilizers. Emissions of NH3 presented during the home
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composting process as well emissions post cultivation was one of the main impact

contributor for terrestrial acidification for home composting treatment.

Now, with regards to the procedures to allocate the compost to crops, the home
composting allocation procedure based on the alocation time had a better
environmental performance than the mineralization N degree in soil for both crops.
Meanwhile, in the case of industrial compost, the allocation procedure based on time
allocation showed the best environmental performance in most of the categories
considered expect in climate change and marine eutrophication were the best result

was for the alocation procedure based on the degree N mineralization in soil.

Finally, the study showed that the crop sequence had the lowest impacts in all
categories studied. This finding was made by calculating the impacts for the crop

sequence per day which were compared with the single impacts per day for each crop.

7.1.5 Comparative summary for waste treatment alternatives for the
global warming indicator
Figure 7.1 shows the results for the global warming indicator for the production of 1
tonne of compost (i.e. kg of CO2 eqg. - tonne of compost™) for the three alternatives
studied in this dissertation (i.e. compost from autoclaved organic fiber (OF),
industrial compost and home compost). These alternatives were compared with others
alternatives for waste treatment (i.e. incineration and landfill) and mineral fertilizer
production. This last option was considered due to the three compost had the quality
properties (i.e. physico-chemical characteristics) to be used as substitute for minera
fertilizers. As shown in Figure 7.1, waste composting represented the best alternative
for municipal solid waste treatment. The compost produced from the OF resulting
from autoclaving had the best environmental performance regarding to industria
compost and home compost. The material recovery (i.e. avoid virgin material
production) from recyclable fractions (PET and metals) and the energy recovery from
the incineration of the mixed plastic fraction were credited to the systems
(autoclaving + sorting + biological treatments). Despite of landfill was credited with
the energy recovery (i.e. electricity production) from the collected biogas. This

alternative was the worst option regarding al alternatives considered. The mineral
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fertilizer production aso showed the highest global warming potential against the
composts. Therefore, considering the quality of the composts studied, these products
represented a suitable alternative to be used as mineral fertilizer substitute or as soil

amendments.

a Autoclaved compost b. Industrial compost
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Figure 7.1 Global warming indicator for different waste treatments

7.1.6 Summary of impacts by crops per each fertilization treatment

Table 7.2 shows a summary of impacts (kg CO; eq. - tonne* of fruit) for cauliflower
and tomato per each fertilization treatment. The values shown in Table 7.2 are based
on the time allocation procedure for the compost applied to crops. The differencesin
values were due to tomato crop was three times more irrigated than cauliflower, so
high electricity consumption was registered for pumping water from well and to
irrigated the crop. Likewise, a lower quantity of mineral fertilizer was applied to
cauliflower. The high rainfall delayed mineral fertilizer application to cauliflower, so
the final quantity of mineral fertilizer was considerably lower (i.e. almost ten times

lower) than the quantity applied to tomato.
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The home compost trestment showed the best environmental performance than
industrial compost and mineral fertilizer. In the case of industrial compost, the
transportation of compost from production facility to crops site was one of the main
contributor. While for mineral fertilizer, the energy consumption thru the al life cycle

was the main contributor to global warming potential.

Table 7.2 Global warming indicator by fruit and fertilization treatment*

Cauliflower |[Kg CO, eq. - tonne of fruit™

Kg CO, eq. - tonne of fruit™

IC: Industrial compost; HC: Home compost; MF: Mineral fertilizer
*Va ues were calculated for the allocation time procedure
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7.2 Conclusion

This dissertation presents technologies to treat municipal solid waste and strategies
for the treatment of the organic matter from municipa solid waste in a sustainable
way. This section summarizes in brief the main research findings of the dissertation,
based on the objectives established for each case study. All chapters from 2, 3, 4 and
6 present their own research results, specific discussion and conclusions with
recommendation where appropriate. Furthermore, most of the conclusions of the

dissertation were broadly detailed in the final discussion section.

7.2.1 Technologies to treat municipal solid waste

Autoclaving is a novel technology to treat unsorted municipal solid waste. The OF
resulting from autoclaving was processed thru biological technologies (aerobic and
anaerobic digestion). The results were compared with two well-known technologies
(i.e. incineration and landfill) to treat municipal solid waste. In order to consider
autoclaving as strategy for unsorted municipal solid waste, the autoclaved sub-
products from is process (i.e. mixing plastic and recyclable fraction) should process
for energy recovery. Therefore, the autoclaving technology integrated with the
biological treatments for processing the OF resulting from autoclaving represents a
solution to treat unsorted municipal solid waste, for those countries which has not yet
implemented the selective collection of waste. The autoclaving also can be used to
treat the residual waste from the mechanical biological treatments which common in
those countries who already had implemented selective collection of municipal solid
waste.

7.2.2 Processing the organic matter from municipal solid waste

Compost well-done represents a suitable alternative for the treatment of the organic
matter from municipal solid waste. Due to its physico-chemical and biological
characteristics the compost from high-scale facilities (i.e. industrial compost) and
from homes can be used in soil amendment as soil restoration or as minera fertilizer
substitute, among others. Compost also avoids the dumping of organic to landfill
which is according landfill Directive 1999/31/EC. Minera fertilizers have the
characteristic of great energy consumption due to its production process with the
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conseguences of pollution to environment. Although, higher yields where obtained
for the crops (i.e. cauliflower and tomato) fertilized with mineral fertilizers, the
homes compost showed the best environmenta performance in the most
environmental impact categories assessed. Likewise, comparing home compost with
industrial compost, the former has the benefit that can be produced nearby the
application sites, so avoiding the transportation and the emissions that it implies. The
compost production implies emissions of several gaseous pollutants to environment
such as nitrous oxides, ammonia, methane and volatic organic compounds. These
emissions depend on external and internal variables. Some interna variables are type
of material to be composted, frequency mixing of the composted material, humidity,
bulking agent, among others. These gaseous emissions can be mitigated or reduce
with an efficient management of the composting process. Weather conditions (i.e.
temperature and rainfall) are identified as the main external variable which mostly is

out of the compost practitioners control.

7.3 Future research

This section remarks future lines of research that may be followed from this research
thesis. The section was structured in three man points. future research for
autoclaving and the OF resulting from its process; the production on compost in

different stages and the application of fertilizersto crops.

Thisthesisis part of a serial of research studies for technologies for the treatment of
municipal solid waste and for the processing the organic matter from municipal solid
waste to produce compost in full-scale facilities and home composting. Compost
production researches have been driven by the Group d’Investigacido en Compostatge
(GICOM) at the Universidad Auténoma de Barcelona. Likewise, researches of
compost applications in crops had been carried out thru the Institut de Reserca i

Tecnologia Agroalimentaries (IRTA).

Although some outstanding results have been achieved so far with the researches
conducted, it is clearly seen the need to expand researches on the topics considered in

this dissertation and others discussed bel ow.
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7.3.1 Autoclaving and organic fiber

Autoclaving is novel technology which is still under investigation. There is a lack of
research of autoclaving process at laboratory scale and for full-scale facilities. In the
dissertation an average composition of waste stream found in Europe was autoclaved
in a full-scale facility to study the sub-products from its process. However, it is
recommended future trials for different unsorted waste stream compositions. The OF
resulting from autoclaving process depends on the quality and quantity of the
biodegrable (i.e. organic material and paper & cardboard) content in the input waste.
The studies at scale laboratory showed that due to its physico-chemical
characteristics, this fiber was assimilable to the organic fraction of municipal solid
waste. Therefore, the OF is a material suitable to be processed thru biological
treatments (i.e. aerobic and anaerobic digestion). Although, in this dissertation, the
results of processing the OF thru biological treatments showed quite good results,
more research is requested at laboratory and full-scale facilities. These trias will
permit to observe the real effects of different compositions of waste stream on final
products as well as to see the effects of different concentrations of humidity and

organic matter, among others.

One of the main assumptions of this research was that the “compost” produced from
the autoclaved OF can be used as mineral fertilizer substitute. This assumption was
based on its quality parameters that were according to Spanish Royal Decree
506/2013. This decree sets the parameters that should compost comply to be used as
substitutes of mineral fertilizers. However, due to this material was not really applied
to crop, it is important a future development research to use this material in crops. A
real comparision between “compost” from autoclaved OF and compost from
municipal solid waste (i.e. industrial compost and home compost) should be made.
Furthermore, a comparision (i.e. agronomical and environmental) of application of

compost from autoclaved OF versus minera fertilizer is aso recommended in future.

7.3.2 Production of compost
The quality of compost is an essential issue to consider the compost as a suitable
product to be used in soil amendments such as soil restoration or as a substitute of
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mineral fertilizers. Severa factors determine the quality of fina product from the
degradation of the organic matter (i.e. compost). This quality is also intrinsically
related to emissions from the composting process. Some of the most critical variables
related to compost production are: type and quality of material (i.e. organic waste
stream) to be composted, which are related to organic matter content and content of
nutrients (N, P and K); some physical-chemical characteristics that should be
monitored such as. organic matter content, humidity, pH, temperature, porosity,
among others. Others related to the mixing frequency of the composted material and
the close monitoring of mentioned physico-chemical parameters. Many of mentioned
characteristics depend on great part of the compost production management.
Therefore, it is important to follow with the same research trend to observe the
quality and emissions of compost during the composting process under different
stages. A combination of variables, e.g. frequency of mixing for different water
concentration in the composting material will permit to study the evolution of the
main gaseous emissions presented in the composting process such as methane, nitrous
oxide and ammonia. Then, a life cycle assessment for different stages from these
results can show the level of environmental impact for the different qualities of
compost.

Weather condition is another important variable that determines the airborne
emissions from the composting process. Home composting which generally is
produced in open building is greatly affected by the weather conditions. This is
another key point to be researched in future studies. Emission to air and water can be
reduced by determining the optimal conditions for home compost production under

different seasons and weather conditions.

7.3.3 Application of fertilizers to crops and related cultivation stages

The compost is a slow nutrient release in soil. The mineralization of nutrients (N)
present in the compost applied is a complex process that depends on severd
variables: type of soil, quality of compost applied (i.e. grade of stabilization), crops
type, weather condition, cultivation management, among others. Although, it is very

difficult to accurately determine the degree of N mineralization, researches should be
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continued in the same plots were the thesis experiments were carried out. A database
should be developed to follow future sequence of nutrient behavior in crop sequences.
Furthermore, studies of carbon sequestration, leachates and emission to air and water

should be closely monitored and values registered in the experimental plots.

For an integrated crop management, along with the elements above mentioned, the
different stages of the cultivation phase (fertirrigation, irrigation, machinery and
tools, nursery and phytosanitary substances) also should be monitored and registered
for different crop sequences. The implementation of this practice will permit to
compare the entire cycle of a crop sequence to study the environmental performance
of horticultural systems which serves a basis for scientific community and different

stakeholders (farmers, communities, authorities, so forth).
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1. Chapter 1

Annex 1.1 Description of the incineration process

Figure 1.1 shows the elements involved in the incineration process which are
considered in the ecoinvent database. The inventories are based on the technology
encountered in Switzerland, but can be used as a good proxy for modern waste
incineration in Europe (Swiss Centre for Life Cycle Inventory, 2010). A full

description of the incineration process can be found in the ecoivent database reports.
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1 Scale 7 Combustion air vent 11,12 Electrostatic precipitador 18 Neutrilisation 24 Steamturbine/ generator
2 Coarse refuse shredder | 8 Incinerator grate 13 Hectrostatic precipitator ash |19 Precipitation 25 Heat to district heating system
34 Unloading bay 9 Slag (bottomash) 14 Flue gas scrubber 20 Sedimentation
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6 Waste crane 16 Flue gas blower 22 Residual waste to landfill
17 Heat recuperator 23 Purified waste discharged to river

Figure 1.1 Diagram process for a municipal solid waste incinerator
Sour ce: Adapted from the ecoinvent databasev.2.2

The typical design for a municipal solid waste incinerator plant (M SW1) consists of
two or three incineration lines in paralel. Each incineration line is equipped with a
grate-type furnace (8). At the end of the grate the unburnable remains are collected as
slag (bottom ash) and quenched in water (9). The raw gasisled to an integrated steam
boiler (10). The recovered heat is passed to a steam turbine (24) to generate
electricity. The expanded steam is sometimes directed to a district heating network
(25) or use as process steam for neighbouring industries. After being cooled down in
the steam boiler, the flue gas of the MSWI is then passed into an electrostatic
precipitator for fly separation (12). Electrostatic precipitators (ESP) use the principle

3



of electrostatic attraction to remove particles from the raw gas. They consist of rows
of discharge electrodes (wires or thin metal rods), though which a high voltage is
applied, and which run between an array of paralel rows metal plates which collect

the charged particles.

After the ESP, a multistage wet scrubber (14) is used to eliminate harmful
components of the flue gas like SOx, HCL by washing the raw gasin areactive tower.
Designed to provide a high gas-liquid contact, the gases are cooled by water in the
first stage, removing HCL, HF, some particulates and some heavy metals. In the
second stage hydroxide or another suitable akali is used to remove SOx and any
remaining HCI. The scrubbing liquid is neutralised (18), heavy metals are precipitated
(19) and separated as a sludge (20) in a wastewater treatment facility. The treated
water is usually discharged to a river. After the wet scrubber is purified flue gas
enters a DeNOx ingtalation (15). The purified flue gas is led into a stack.
Approximately 75% of the original waste mass is transferred to gaseous compounds
like carbon dioxide CO,, elemental Nitrogen N, and waste H,O and minor trace
gases. Usually a SCR or SNCR-DeNOx technology is employed. Placement of the
DeNOx facility depends on the technology employed: SNCR DeNOx takes place
directly in the incineration chamber, SCR-high dust before the wet scrubber (i.e. in
high-dust environment), SCR-low dust after the wet scrubber (i.e. in a low-dust

environment).



Annex 1.2 Analytical methods for gaseous emissions measurement

at home composting

Gaseous emissions of the composting process for full-scale composting facilities and for
home composting was measured in situ following the methodology described by Colon et
al., 2012 and Cadena, 2009. Following a brief description of the methodology presented in
Colon et a., 2012. Air flow velocity and ammonia, nitrous oxide, methane and VOC’s
concentration on the surface of the composting pile, composting bin or the biofilter were
simultaneously measured on the material surface of the composter in order to calculate the
gas outlet emission rate (mg s™). Air velocity was determined using a thermo-anemometer
and Venture tube. The product of each pollutant concentration (mg m™) and air velocity (m
s%) result in the mass flow of a given compound released per surface are unit studied (mg s
! m?) was multiplied by the entire emitting surface area resulting in the outlet mass flow
emission (mg s™*) at the moment for each component (Col6n et a., 2012).

Ammonia concentration in gaseous emissions was determined in situ using an ammonia
sensor ITX T82 with a measurement range of 0 to 200 ppmv. Gaseous samples were also
collected in Teldar bags for the laboratory determination of VOC, methane and nitrous
oxide. The total VOC content from gaseous samples was determined as the total carbon
content using a gas chromatograph equipped with a flame ionization detector (FID) and a
dimethylpolysiloxane 2 m x 0.53 mm x 3.0 mm column (Tracsil TRB-1, Teknokroma,
Barcelona, Spain). This column permits the determination of total VOC as a unique peak.

Methane was also analyzed by gas chromatography using a Flame lonization Detector
(FID) and a HP-Plot Q column (30 m x 0.53mm? 40 mm) with a detection limit of 1 ppmv.
Nitrous oxide was analyzed by gas chromatography using an Electron Capture Detector
(ECD) and a HP-Plot Q column (30 m x 0.53 mm x 40 mm) with a detection limit of 50
ppbv. The gas chromatography operation conditions for each pollutant element can be seen
broadly in Colén et a., 2012. Figure 1.2 shows some elements used for compost emissions

masurements.



a. Chromatographer b. Tedlar bags

Figure 1.2 Equipment used for compost emissions measur ements
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Chapter 2 Technologies to treat municipal solid waste

2. Chapter 2

Annex 2.1 Process flow diagram for composting in tunnels (CT)
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Figure 2.1Process flow diagram for composting in tunnels (CT)







Chapter 2 Technologies to treat municipal solid waste

Annex 2.2 Process flow diagram for composting in confined
windrows (CCW)
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Figure 2.2 Process flow diagram for composting in confined windrows (CCW)
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Chapter 2 Technologies to treat municipal solid waste

Annex 2.3 Process flow diagram for turning windrow

composting (TW)

teutiaay Bton vt maine
L0 Eah Ea : LO0C by 2
a) Autoclaving 3 Sorting
Pharm erengy sl 3] OFOCESS )
P pracess
i
Watr
101 Vet
it [
rr——
ralren)
M VO B Db
Pk L1 kg 01NT kg 2Ry Fidig
F F 4
Erimiforn o %:NI:—
trgame tte
o . besided 3 S azigy
PR LIk o eodortionsd B
Ty > » i
AWh Turning windrows u-|:|: b e L
Cuaaal [arp— | LN g
e composting g e
Wallingg apr=i i
LAy E

Figure 2.3 Process flow diagram for turning windrows composting (TW)






Chapter 2 Technologies to treat municipal solid waste

Annex 2.4 Process diagram for anaerobic digestion mesophilic
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Figure 2.4 Process flow diagram for anaer obic digestion mesophilic plus
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Chapter 2

Technologies to treat municipal solid waste

Annex 2.5 Properties for the final compost obtained from autoclaved

organic fiber

Table 2.1Properties of final compost obtained from autoclaved organic fiber and

legislation
Spanish
legislation
— s COMPORION (s i
for heavy
metal s)

Dry matter content % 63.1 60-70
Organic matter content %, dry basis 77.6 >35
pH 1:5w:v extract 8.06 No value
Elec. Conductivity 1:5 w:v extract, mS/cm 31 No value
Nitrogen (Kjeldahl) %, dry basis 2.86 No value
CIN ratio 14 <20
Respiration index mg O’ kg' TSh* 504 No value
Bulk density kg/L 0.35 No value
Air filled porosity % 53.8 No value
E.coli CFU/g <20 <1000
Salmonella presence/absence in 259 absence absence
Nickel mg kg, dry matter basis 22 25/90/100
Lead mg kg, dry matter basis 54 45/150/200
Copper mg kg™, dry matter basis 148 70/300/400
Zinc mg kg™, dry metter basis 387 200/500/1000
Mercury mg kg, dry matter basis 0.13 0.4/1.5/2.5
Cadmium mg kg'l, dry matter basis 0.5 0.7/2/3
Chromium mg kg, dry matter basis 43 70/250/300
Chromium VI mgy kg'l, dry matter basis Not detected Not detected

*Spanish legislation, Real Decree 506/2012 (Ministerio del Presidencia, 2013)
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Chapter 2 Technologies to treat municipal solid waste

Annex 2.6 Electricity balance for the anaerobic digestion

Table 2.2 Electricity balance for the anaerobic digestion processes

ADC-T? ADC-M"
Item
KWh - MF"° kWh - MF*
Total self-generated electricity from biogas 227 151
Electricity consumption 78 53
From public grid 25 18
From Self-generated electricity from biogas 53 35
Self-generated electricity from biogas sold to an electricity distribution company 174 116
% of self-generated electricity used in internal processess 23% 23%
% of self-generated electricity sold to an electricity distribution company 7% 7%

®ADC-T: Anaerobic digestion thermophilic plus composting
PADC-M: Anaerobic digestion mesophilic plus composting
‘MF: Material flow (546 kg of organic fiber)
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Chapter 2

Annex 2.7 Sensitivity analysis

Technologies to treat municipal solid waste

Table 2.3 Sensitivity analysisfor energy recovery and LHV*

Incineration of one tonne MSW™ with energy recovery

Optiong Alternatives| Efficiencies for electricity conversion Efficiencies for heat conversion LHVZ ( MJ/ tonne of MSW) GWP®
13% 20% 25% 30% 26% 30% 35% 40% 8,000 9,000 11,740 |kgCO,eq
1 Inc*1,1 X X X 209
Inc 1,2 X X X 129
Inc1,3 X X X 55
Inc1,4 X X X -19
2 Inc2,1 X X X 144
Inc 2,2 X X X 47
Inc2,3 X X X -43
Inc2,4 X X X -133
3 Inc3,1 X X X 71
Inc 3,2 X X X -46
Inc 3,3 X X X -155
Inc3,4 X X X -264
Biologjcal treament technol ogies (one tonne of unsorted MSW)®
Efficiencies for electricity conversion Eficiencies for heat conversion LHV (MJ/ tonne of mixed plasti{GWP
13% 20% 25% 30% 26% 30% 35% 40% 20,000 25,000 31,000 |kgCO,eq.
4 ADC-T®1,1|x X X -99
ADC-T 1,2 X X X -159
ADC-T 1,3 X X X -214
ADC-T14 X X X -250
5 ADC-T 2,1 |X X X -154
ADC-T 2,2 X X X -208
ADC-T 2,3 X X X -298
ADC-T 24 X X X -352
6 ADC-T 3,1 |X X X -221
ADC-T 3,2 X X X -296
ADC-T 3,3 X X X -400
ADC-T 34 X X X -486
7 cT’11 | X X 23
CT12 X X X -37
CT13 X X X -92
CT14 X X X -148
8 CT21 X X X -32
CT22 X X X -107
CT23 X X X -177
CT24 X X X -246
9 CT31 X X X -99
CT32 X X X -192
CT33 X X X -278
CT34 X X X -364
10 TW'Ll  |x X X -51
TW1,.2 X X X -110
TW1,3 X X X -166
TW14 X X X -222
11 TW2,1 X X X -106
TW 2,2 X X X -181
TW23 X X X -249
TW24 X X X -320
12 TW31 X X X -173
TW 3,2 X X X -265
TW33 X X X -351
TW34 X X X -438

"M SW: Municipal Solid Waste; 2LHV: Low Heating Value; *GWP: Global Warming Potential;* Inc: Incineration
®Biological treatments considers the incineration of the mixed plastic fraction;°?ADC-T: Anaerobic Digestion Thermophilic plus
Composting;’CT: Composting in Tunnels
*The sensitivity analysis lead per technology for GWP (Global Warming Potential) indicator. The analysis considers several ranges of
LHV’sfor plastics and MWS and efficiencies for electricity and heat conversion for incineration of one tonne of unsorted municipal solid
waste and for theincineration of the autoclaving mixed plastic fraction (300 kg).
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Chapter 3 Environmental assessment of three fertilizers

Chapter 3

Annex 3.1 Quality and origin of data

Table 3.1 Quality and origin of data used in thelife cycle inventory

Fertilizer treaments Sources
Phases Stages Sub-stages
“ “ IC'  HC® HCLE®MF
Collection and transport | Distances and process X a
X [«
Compost production Compost process Energy, water, materials and materia s waste management X y g
Gaseouss emissions Ammonia, methane, nitrous oxides and vol aile organic compounds X X X g
Raw materia Extraction X a
Minerd fertilizer production Production Process X a
Gaseouss emissions Subtances emissions X a
Transport Transport Distances and process X X :
— Fertirrigation Infraestructure and infraestructure waste management X X X X b
Cultivation ) ) ) A R L
Management Phitosanitary substances, machinery and tools, irrigation, post-gpplication emissions and nursery [ X X X X b

®Ecoinvent data base V2.2
PExperimental data
“Colon et al. (2012)

YLled et al., (2012)

“Colon et al., (2010)

Y C: Industrial compost
“HC: Home compost

*HC-LE: Home compost with low gaseous emissions of the production process

‘“MF: Minera fertilizer






Chapter 3

Environmental assessment of three fertilizers

Annex 3.2 Inventories for home compost production

Table 3.2 Inventoriesfor home compost production

Stages Element Flow Units Lifespam Source
(torn™ LFRVY) (y1)
Fertilization treatment HC?
Inputs
Collection of LRFV and PW LRFV collectionbin PP 0.048 kg 7 SLCI (2013), WSOFM (2008)
Composter and tools Composter HDPE 3122 kg 12 SLCI (2013), Compostadores SL (2008) and Col6n et a. (2009),
Iriarte et a. (2009) and Colén et al. (2010)
Transport (composter) Transport 1.561  tkm - Google maps and SLCI (2013)
Plastic container collection HDPE 0.004 kg SLCI (2013)
Plastic collection. Cleaning HDPE 0.006 L - SLCI (2013)
Garden clipper Stell 0174 kg 10 Compostadores SL (2008), SCLCI (2013), WSOFM (2008),
HDPE 0.174 kg Experimental measurements and SLCI (2013)
Bag for PW collection PP 0.047 kg 3 SLCI (2013)
Shovel Stell 0017 kg 12 SLCI (2013)
Wood 0.009 kg 12 SLCI (2013)
Mixing tool Iron 0.078 kg 6 SLCI (2013)
Watering can PP 0.002 kg - SLCI (2013)
Gloves Cotton 0.007 kg - SLCI (2013)
Transport national Transport 0.213  tkm - Google maps and SLCI (2013)
Transport regional Transport 0.008  tkm - Google maps and SLCI (2013)
Water consumption Moi stening water Tapwater 50.870 L - Experimental measurements
Energy consumption Electricity consumption (clipper) Electricity 5.991  kwh - Experimental measurements and Compostadores SL (2008)
Outputs
Gasesous emi ssions** Methane CH, 1350 kg - Experimental measurements, Colon et a. (2010) and Lleo et al. (2013)
Volatile organic compunds VOC's - kg - Experimental measurements, Colén et a. (2010) and Lled et al. (2013)
Nitrous oxide N,O 1160 kg - Experimental measurements, Colén et al. (2010) and Lled et al. (2013)
Ammonia NH; 1300 kg - Experimental measurements, Colén et al. (2010) and Lled et al. (2013)
Waste dumped Waste management in landfill Wood 0.009 kg - Compostadores SL (2008), SCLCI (2013), WSOFM (2008),
Cotton 0.007 kg - and experimental measurements
Plastic mix 4.380 kg - SCLI (2013)
Transport to landfill Transport 0.002  tkm - Google maps and SCLI (2013)

* 1| FRV: Lefover of fruit and vegetables, HC: Home compost; *HC-HE: Home compost high emissions

**Only HC was applied to crops
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Chapter 3 Environmental assessment of three fertilizers

Annex 3.3 Inventories for cultivation phase

Table 3.3 Inventoriesfor cultivation phase per fertilization treatment and stages

Amounts per functiond unit (FU)

Stages and substages Materia Lifespan  Units- FU™ Ic? HCP MF

1. Cutivation fertirrigation stage
1.1 Equipment and tools

Water irrigationpump ~ Steel 20years kg 3.27E-03  1.13E-02  3.92E-02
Water extractionpump  Steel 20yeas kg 3.27E-03  1.13E-02  3.92E-02
Water storage tank Steel 50yeas kg 165E-01 5.71E-01  1.98E+00
Water storage tank Concrete 50years m° 277E-03 957E-03  3.31E-02
Fertilizer storagetank LDPE  10yeas kg 147E-02 5.09E-02 1.76E-01
Electrovdves LDPE 10yeas kg 4.58E-04 1.59E-03  5.49E-03
Microsprinklers PvC lyeas kg 249E-03 8.63E-03  2.99E-02
Spaghetti pipes LDPE 1yeas kg 8.00E-03  2.77E-02  9.58E-02
Primary pipes LDPE  10yeas kg 6.61E-03  2.29E-02  7.92E-02
Secondary pipes LDPE 1yeas kg 8.30E-02 2.87E-01  9.95E-01
Tank pipes PvVC lyeas kg 3.10E-03 1.07E-02  3.71E-02
Supports rods Steel 20years kg 748E-02 259E-01 8.96E-01
1.2Waste management kg 2.89E-01 4.85E-01 7.33E-01
2.Cultivation_management stage
2.1 Pesticides kg 1.73E-01 1.15E-01  9.07E-02
2.2 Mechinery and tools
Tractor 7200 h kg 5.74E-01 1.85E+01 2.68E-01
Diesel consumption kg 3.10E+01 6.36E+03  1.50E+01
Plough 300 h kg 2.83E-01 1.91E-01 1.34E-01
Tow 6000 h kg 4.10E-02 3.29E+01 0.00E+00
Fertilizer spreader 800 h kg 7.04E-03 5.66E+00 0.00E+00
Furrow opener 1190 h kg 3.39E-01 225E-01 1.77E-01
Spray bag 1000h kg 1.00E-01 6.64E-02 5.25E-02
Ancillary equipment kg 3.96E+00 6.28E+00 9.31E+00
2.2 1rrigation
Water m’ 240E+02 1.60E+02 1.08E+02
Electricity used (water pump) MJ 1.74E+02 1.15E+02 7.87E+01
Electricity used (well pump) MJ 1.24E+02 8.13E+01 5.60E+01
2.3 Emissions (NH3)
From water g 2.75E+02 1.81E+02 1.27E+02
From compost g 459E+02 4.54E+02 0.00E+00
From minerd fertilizer g 0.00E+00 0.00E+00 5.30E+05
2.4 Nursery plant 463E+03 3.06E+03 2.42E+03

3 C: Industrial compost, FU=4.5 tonnes of cauliflower - ha™; ‘HC: common home compost, FU=6.8 tonnes of
cauliflower - ha'; “MF: mineral fertilizer, FU=8.6 tonnes of cauliflower - ha
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Chapter 4

Environmental assessment of two home compost

Annex 4.1 Quality and origin of data

Table 4.1Quality and origin of data used in thelife cycle inventory

Fertilizer treatments Sources
Phases Stages Sub-stages
IC'  HC* HC-LE®MF
Collection and transp{Di stances and process X a
X c
Compost production Compost process Energy, water, materials and material s waste management X « 2
Gaseouss emissions |Ammonia, methane, nitrous oxides and volatil e organic compounds X X X E
. - Raw material Extraction X a
Mineral fertilizer A
. Production Process X a
production . .
Gaseouss emissions | Subtances emissions X a
Transport Transport Distances and process X X Z
- Fertirrigation Infraestructure and infraestructure waste management X X X X b
Cultivation . ) . o R .
Management Phitosanitary substances, machinery and tools, irrigation, post-application emissions and nursery| X X X X b

4Ecoinvent data base V2.2

PExperimental data
‘Colon et al., (2012)
I led et al., (2012)

“Coldn et al., (2010)

Y1C: Industrial compost

’HC: Home compost

*HC-LE: Home compost with low gaseous emissions of the production process

“MF: Minera fertilizer
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Chapter 4 Environmental assessment of two home compost

Annex 4.2 Life cycle inventory for the cultivation phase

Table4.2 Lifecycleinventory for cultivation phase

Stages and substages Material Lifespan  Amount pFU™

1. Cutivation fertirrigation stage

1.1 Equipment and tools

Water irrigation pump Steel 20years 1.13E-02 kg
Water extraction pump Steel 20 years 1.13E-02 kg
Water storage tank Steel 50years S5.71E-01 kg
Water storage tank Concrete 50vears 9.57E-03 m3
Fertilizer storage tank LDPE 10vears 5.09E-02 kg
Electrovalves LDPE 10 vears 1.59E-03 kg
Microsprinklers PVC 1 years 8.63E-03 kg
Spaghetti pipes LDPE 1 years 277E-02 kg
Primary pipes LDPE 10 vears 2.29E-02 kg
Secondary pipes LDPE 1 years 287E-01 kg
Tank pipes PVC 1 vears 1.07E-02 kg
Supports rods Steel 20 years 2.59E-01 kg
1.2Waste management 4.85E-01 kg
2.Cultivation_management stage
2.1 Pesticides 1.15E-01 kg
2.2 Machinery and tools
Tractor 7200h 1.85E+01 kg
Diesel consumption 6.36E+03 kg
Plough 300h 1.91E-01 kg
Tow 6000 h 3.29E+01 kg
Fertilizer spreader 800h 5.66E+00 kg
Furrow opener 1190h  225E-01 kg
Sprav bag 1000h 6.64E-02 kg
Ancillary equipment 6.28E+00 kg
2.2 Trrigation
Water 1.60E+02 m3
Electricity used (water pump) 1.15E+02 MI
Electricity used (well pump) 8.13E+01 MI
2.3 Emissions
From water 1.81E+02 g
From compost 454E+02 g
From mineral fertilizer 0.00E+00 g
2 4 Nursery plant 3.06E+03

FU = 6.8 tonnes of cauliflower - ha*
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Environmental assessment of two home compost

Annex 4.3 Impact per stage, fertilization treatment and impact

category

Table 4.3 Impacts per stage, fertilization treatment and impact category

Compost production stases Cultivation stages
Fertilization Equival ent ' 1 3 4 * % - 5 3 10
tregtment  mits Cp T CpE Cp C CpE CuF CuP Cu M Cul CuE Cu M
HC-LE"
ADP kzSheg 235E-01 421E-02 332E-03 000E+00 |5.77E-01 963E-05 B8.03E-01 2235E-01 000E+H00 202E-01
AP kg 80:;eq  T60E-02 35350E-02 838E-04 641E-02 (1.81E-01 110E-02 709E-01 139E-01 B.64E-01 229E-01
EP kgPOy eq 230E-02 1.13E-02 272E-04 140E-02 [1.12E-01 374E-05 1.74E-01 926E-02 189E-01 138E-01
GWp* kgCOyeq 199E+01 5.79EH00 2352E-01 104EH02 (465E+01 L16E+00 1.01E+H02 3.04E+01 0.00E+HD0 3.035E+01
OLDP kg CFC-11 3 47E-06 3.13E-07 4.735E-08 000E+00 (1.838E-06 349E-06 138E-05 129E-06 O0.00E+H00 135E-06
POP kgC:Hseq 3541E-03 2.04E-03 35.11E-05 132E-01 (963E-03 6.74E-04 1.83E-02 557E-03 OQ.00E+00 123E-02
CED CED 6.09E+02 1.17EH02 T795E+00 0.00EH00 |1 40E+H03 233E+01 187EH)3 6.68E+02 0.00EH)0 3.13E+02
HC-HE"
ADP kzSbeg 235E-01 421E-02 332E-03 0QUO0E+00 |3.77E-01 963E-03 B8.03E-01 223E-01 0Q.00E+00 202E-01
AP kz80:eq  T60E-02 3350E-02 8.38E-04 3533E+00 (1.81E-01 L.10E-02 T7.09E-01 139E-01 B8.64E-01 229E-01
EP kgPQOy eq 230E-02 1.13E-02 272E-04 729E-01 (1.12E01 374E-05 1.74E-01 926E-02 189E-01 138E-01
GWP kgCOzeq 199E+01 35.79E+00 2.352E-01 393E+02 (465E+01 LI16E+00 1.01E+02 3.04E+01 0.00E+D0 3.05E+01
OLDP kg CEC-11 347E-06 3.13E-07 4.73E-08 000E+00 (1.838E-06 349E-06 138E-05 129E-06 O000E+H00 133E-06
POP kgC:Hseq 3541E-03 204E-03 35.11E-05 142E-01 (963E-03 6.74E-04 183E-02 5357E-03 000E+H00 123E-02
CED CED 6.09E+02 1.17E+H02 7.95E+00 0.00EH00 |140E+03 233E+01 1.87EH)3 6.68E+02 0.00EH)0  3.13E+02

Cp: Compost production stage; Cu: Cultivation stage

'Cp_T: Tools

’Cp_E: Energy

3Cp_C: Collection

“Cp_Em: Emissions

°Cu_F: Fertirrigation

®Cu_P: Phitosanitary substances
'Cu_M: Machinery and Tools

8Cu_I: Irrigation

°Cu_E: Emissions

Cu_N: Nursery

"HC-LE: Home compost low emissions
2HC-HE: Home compost high emissions
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Chapter 6 Life cycle assessment of fertilizersin a crop sequence

6. Chapter 6

Annex 6.1 Crop sequence fertilized with Industrial Compost (IC)

FERTILIZATION TREATMENT WITH INDUSTRIAL COMPOST

— PRODUCTION COMPOST TRANSPORT . CULTIVATION
v/ N
Bin Irrigation water pum
Collection and . Use of truck Road . 9 ) pump
Containers construction, Weter extraction pump
> transport of W | . and use and Water deposi
organic e ater to clean containers | | oo e g afer posit .
Transport of waste maintenance Fertilizer deposit
Electrovalves
Energy and water Electricity Fertirrigacion Microsprinklers *
> consumedinthe {Diesel >linfreestructureand  >| Spaguetti pipe *
process Water equipments Primary pipe
Secondary pipe
Methane Well pipe
Gaseous N Nitrous oxide Support rod
emissions Ammonia Equipment transport
Volatile organic compounds| Waste management
N Infraestructure and waste management of Electricity (irrigation water pump)
infraestructure —>{Irrigation —=>|Electricity (well pump)
Irrigation water
N Emissions of Emissions of irrigation water
fertirrigation Emissions of fertilizers
Machinery usedin Machinery
cultivation: field Diesel consumed and emissions
preparation and Crates
harvesting Stell handcards

Figure 6.1 Stages and sub-stages for the crop sequence fertilized with Industrial

Compost (1C)

*These elements were used only for the cauliflower crop that was a sprinkling irrigation system
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Life cycle assessment of fertilizersin a crop sequence

Annex 6.2 Crop sequence fertilized with Home Compost (HC)

FERTILIZATION TREATMENT WITH HOME COMPOST

A

PRODUCTION

| Collection of LFRV

|>[Bin

—={ Tools

Composter box
Composter transport
Garden clipper

Bag for PW collection
|| Shovel

Aereator

Watering can

Gloves

Tools transportation

Water
" |Electricity

| =) Emissions

Methane

Nitrous oxide

Ammonia

Volatile organic compounds

= Waste management

Tool waste
Waste transportation

J

_|

CULTIVATION

Fertirrigacon
| =linfraestructure and [
equipments

Irri gation water pump
Water extraction pump
Water deposit
Fertilizer deposit
Electrovalves
Microsprinklers *
Spagueth pipe *
Primary pipe
Secondary pipe

Well pipe

Support rod
Equipment transport
Waste management

Irrigation R

Electricity (irrigation water pump)
Electricity (well pump)
Irri gation water

Emissions of
ertirrgation

A

Emissions of irrigati on water
Emissions of fertilizers

Machinery usedin
cultivation field

_ |Diesel consumed and emissions

Machinery

- ; -
preparation and 7 |Crates
harvesting Steel handcards

3
2| Nursery

>{Phvtosanitary

Figure 6.2 Stages and sub-stages for the crop sequence fertilized with home
compost (HC)

*These elements were used only in the cauliflower crop that is a sprinkling irrigation system
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Annexe 6.3 Crop sequence fertilizer with Mineral fertilizer (MF)

| FERTILIZATION TREATMENT WITH MINERAL FERTILIZER |
T N

k'l
| PRODUCTION | TRANSPORT | — CULTIVATION |

Seaand Road . :rfigatien uzta.r fump
construction, Water extraction psmp
use and Water deposit
maintanance Fertilizer deposit
Elzctrovalves
Fertirrigacion Microsprinklers *
>{Energyand water consumed in the process ~|infraestrucre and > Smguett pipe *
squipmants Primary pipe
Secondary pipe

Well pipe
I=>|Gaszeous emizsions SW“ rod

’ Equipment transport
Waste management

>|Raw materials extraction terrestrial
transport

W

| Infrasstructure and waste management of Electricity (irrigation water pumg)
infrazstructurs = Erigation »Eleetricity (well pump)
Irrigation water

|Emizsions of _|Emissions of irrigation watsr
" |fertirrigation " |Emissions of fertilizers
MNachinaryusad in Machinary
- Jeultivation: field Dizszl consumed and emissions
"| preparation and Cratas
harvesting Stell handeards
= Nurzery

ﬁ-l‘, Phytosanitary

Figure 6.6.3 Stages and sub-stages for the crop sequence fertilized with mineral
fertilizer (MF)
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Life cycle assessment of fertilizersin a crop sequence

Annex 6.4 Quality and origin of data for life cycle inventory

Table 6.1 Quality and origin used for thelife cycle inventories*

_Stage Substages Substages-pr ocesses Origin Refer ences Coments
Mineral fertilizers production Production of KNOs DB Ecoinvent database v.2.0 This process includes production infraestructure, transport of raw
materials, synthesis of the chemical compost required and tha
deposition and treatmente of waste generated
Doses EXR Experimental results
Industrial compost production Collection and transport of municipal organic waste DB-LR Ecoinvent database v2.0 and Iriarte et al. 2008
Compost process EXR Bxperimental results and Col6n et al. 2012 This process includes consumption of electricity, water, diesel,
building and management of solid waste fraction to landfill
Gaseous emissions of production process EXD BExperimental results and Col6n et al. 2012 This process includes emissions of NH3, CH,, N,O and COV's
Transport and waste management of solid waste in landfill DB-LR Ecoinvent database v.2.0; Barrena et al. 2012 and
Ponsaet al. 2008
Building infraestructure and machinery DB-LR Ecoinvent database v.2.0; Althaus et al. 2004; IteC
2008; SCLCI 2005 and W SOFM 2008
Production of electricity, diesel and diesel emissions DB Ecoinvent database v.2.0
Home compost production Collection of organic waste DB Ecoinvent database v2.0 Collection hin for LRFV (left over of fruit and vegetables)
Composter (production) and transport DB Ecoinvent database v2.0 Transport (Madrid to Barcelona, 600 kim)
Tools needed for the composting process DB Ecoinvent database v2.0 This process includes production of garden chipper, bag for PW
(prunning waste) collection, shovel, mixing tool, watering can and
gloves
Process of transport of tools and distances DB Ecoinvent database v2.0 Transport fromthe store to the plots (50 km)
Water consuption EXR Experimental results
Blectricity consumption EXR-DB BExperimental results and Ecoinvent databasev2.0  Hectricity consumed by the garden chipper
Gaseous emissions of the production process EXR BExperi | results This process includes emissions of NH3, CH,, N,O and COV's
Mineral fertlizers transport Transport of mineral fertilizers from the plant to the crops DB Ecoinvent database v.2.0 Maritime portion (transport from Israel to Barcelona 2975 km) and
and distances terrestrial portion (Barcelona port to Santa Susana, 50 km)
Industrial compost transport Transpor of compost from the plant to the crops and DB Ecoinvent databasev.2.0
distances
Cutivation Fertirrigation Systemdesign EXR Bxperimental results and MAPA 2002
Components production and transport DB Ecoinvent database v.2.0 Conponents include: tanks, plunps, electrovalves, pipes, rods and
micro-splinklers
Transport and management of waste DB Ecoinvent database v.2.0
Phystosanitary Types EXR Bxperimental results and MAPA 2002
Doses EXR Bxperimental results and MMARMRM 2012
Production DB Ecoinvent database v.2.0
Machinery andtools ~ Machinery and tools needed EXR BExperimental results This process includes: mechinery type, hours of operations,
characteristics and fuel consumption
Machinery and tools production and maintenance DB Ecoinvent database v.2.0
Diesel production and emissions DB-LR Ecoinvent database v.2.0 and Gasola et al. 2007
Irrigation Water consunmption EXR Experimental results
Blectricity consumption of punmps EXR BExperimental results
Rainfall LR Ruralcat 2008
Fertirrigation emissions  Emissions of NH3, N20, NOx and N, to air LR Audsley 1997; Bentrup and Kiesters 2000 Emissions produced by organic fertilizers or nitrogenous mineral
Emissions of NO; to water LR Bentrup and Kuiesters 2000

Nursery

Greenhouse, irrigation, fertilization, heating and transport LR

Antén 2005; Matallana and Montero 2001

*Three sources of data were used: experimental results (EXR), database (DB) and literature references (LR)
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Life cycle assessment of fertilizersin a crop sequence

Annex 6.5 Inventories for the cultivation phase per stage and sub-

stages

Table 6.2 Inventoriesfor the cultivation phase per fertilization treatment and crops*

COLIFLOR. TOMATE
Stage Sub-stage Unitse ™ 1C° HC” ME* I HC MF
Fartirriz ation Water d 5 tribu Hon pemp k= SHEL4 SHEM SHMEM SHEM SHEM SHEN4
Water extrac ion pump = SHEL4 SHEL4 SMFELL SLFEM SMEM SMENS
Watar tanlk oy TESEL4 TESEL TEHEM TSSEM TESEM TSSED4
k= 476E02 4TRE2  4T7eEL2  4TEE2 4 TEEL2  47E2
Fartilizer tank k= 425E03 423E405 42°EL3 45E0F 425E03 425EAD3
Hectrovalves Polyvinylidenchlodds Iz L32EQ4  13E4 13XE 13E 132E L32EN4
Llcroaspes oms Pobpropylns k= 7 THEHH T2EH - - -
Spazuvetti Polvethylens k= 131E03 1IEL -
‘Transport {fermigation squipment) Trans port them 4.80E402 3.26E402
Primary dis trb wtion pipas Polethylens = L8IE03 1L91ED3
Secondary d& trib vtion pipes Polethylens = SO2E2 2.38E402
Wall pipes Pokvmyldenchlonds 1z S95E4 8.83EL04
Suppott rod 3=l l= 2.16E2 -
Phytosanitary Phytosanitary = T.8EQS L93ED3
Tmnsport Trans port ten LOSE0S 1.37E{1
Emis sions to airand Watar z 1L24E01 1L23E-02
water Compost z IEEOL -
Mineral fertilimer = 4.56E03
Enzation Water o SHEL2
Water d & tribu ion pump Electricity MI 8. TTEL2
‘Water extrac Hon pump Elctricity MT 4.81E02
Machinary and tools Plough Dizszland enmsion 451E03
Phughshas 5.TEELD3
Tractor 4 00E05

Loading and tmnspor of compost

Fartilizer sprzadar

Mixing compost in soil

Plough

Furrow opsning

Phytosanitary application

Dizsszland emiszions
Tow

Tractor

Dizzzland smiszion:
Lpmader

Tractor

Dizzzland sndssions
Plousghshare
Tractor

Dizszland embsions
Plughshars

Tractor

Disseland emiszions
Fumow openar
Tractor

Disseland emissions
Dizk roller

A O A O

Tractor
Crates forharvesting Polvethylens
Handcasts for harvesting St=ll TATEDS
Nus ary plant plants 208E-00
Fartimiz ation wastz Tmnsport of wastz Trans post tlem IMED3
Was t= menazement k= LOOE-00
Compost Totzal compost applied to crops = LI0E+00
Tmnsport of compost Trans pott tem 6.18E02 -
Mlinaral fartilizar Mineral fartilizer appliad (FN0:) z 2 8IE-01
Tmasport of minaral fertilizer Trans port tem LELS

8 C: Industrial compost
®HC: Home compost

‘MF: Mineral fertilizer
YEmissionsto air of N,O, N,, NO, and NH;
°Emissions to water of NH;
*|nventories are refered to functional unit (m?)
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Annex 6.6 Physico-chemical characterization for the composts

applied

Table 6.3 Physico-chemical characterization for the composts applied

Properties Units IC HC? References

Moisture %, Wb 17 50 30-40%

Organic matter %, db na 75 >35%

pH (extract 1:5 w:v) - na 8,97 6.5-8"

Electrica conductivity =~ mS-cm™(extract 1:5wV) na 1,72 <6”

N-Kjeldhal %, db 2,47 1,66 >2P

Dinamic respirationindex mgO,- g* OM h* 0,89 0,43 1.0°

Samonella (presence/ absencein25g) n.a Absence  Absence®

Escherichiacoli (CUF/g) n.a <10 <10?

Heawy metd s content® Spanish legislation

Metds Units IC HC ClassA ClassB ClassC
Zn mg - kg™ 186 194 200 500 1.000
Cu mg - kgt 51 50 70 300 400
Ni mg - kg™ 19 9 25 90 100
cr mg - kg 13 13 70 250 300
Pb mg - kgt 35 26 45 150 200
cd mg - kg™ 0,3 0,2 07 2 3

wh: web basis; db: dry basis; w: weight; v:volume; OM: organic matter

YC: industrial compost; 2HC: home compost; °n.a: not analyzed

Spain legislation (Royal Decree 506/2013)

PRegulation proposal for municipal solid waste compost in Spain (Gir6, 1994; Gir6, 2001)
°European Commission for bio-waste management (2008)
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