Desalnietemin maken de lange hydraulische retentietijden conventionele AD systemen minder aantrekkelijk. Vandaar dat ook een AnMBR met een zijstroom polyvinylidene fluoride membraan werd bestudeerd. De succesvolle operationele condities werden vastgesteld. Dankzij de membranen kon de HRT gereduceerd worden van 20 d naar 1 d, terwijl de verwijderingsefficiëntie van de chemische zuurstofvraag hetzelfde (> 97%) bleef, gekoppeld aan een hogere biogas productie met een methaan inhoud van 70%.

CHAPTER 1

INTRODUCTION

.1.

Chapter 6 elucidates the bioaugmentation effect of zoo animals' dung on the AD of FW. The research activities involved in this chapter achieved objective 2b.

Chapter 7 activities accomplished objective 3a. This chapter compares the performance of one-stage and two-stage CSTR for AD of FW. It also describes the buffering and/or inhibition effects of ammonium on the two different systems.

Chapter 8 explaines the importance of AnMBR and its superior performance for the treatment of high-load AD of FW. With the activities involved in this chapter the final research objective 3b was accomplished.

Chapter 9 highlights the overall findings of the research and complete discussions are summarized. Future research perspectives and recommendations are also provided in this chapter.
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PRETREATMENT METHODS TO ENHANCE ANAEROBIC DIGESTION OF ORGANIC SOLID WASTE

This chapter reviews pretreatment techniques to enhance the anaerobic digestion of organic solid waste, including mechanical, thermal, chemical and biological methods. The effects of various pretreatment methods are discussed independently and in combination. Pretreatment methods are compared in terms of their efficiency, energy balance, environmental sustainability as well as capital, operational and maintenance costs. Based on the comparison, thermal pretreatment at low (<110 °C) temperatures and two-stage anaerobic digestion methods result in a more cost-effective process performance as compared to other pretreatment methods.

ABSTRACT

Treatment of food waste (FW) by anaerobic digestion (AD) can lead to an energy production coupled to a reduction of the volume and greenhouse gas emissions from this waste type. Nevertheless, obtaining the highest possible methane recovery in a shorter time with a stable operation is challenging. To maximise the performance of AD treating FW several pretreatment methods, supplementation of trace elements, bioaugmentation using zoo animals' dung and comparison of reactor configurations, including one-stage and two-stage continuously stirred tank reactors (CSTR) as well as an anaerobic membrane bioreactor (AnMBR), were studied in the scope of this research.

Based on the results of the batch experiments, thermal pretreatment at 80 °C for 1.5 hours yielded 46 -52% higher biomethane production, and it is more energy efficient than ozonation or thermophilic pretreatments.

Among the various trace elements tested Se (VI) was found to be the most important for the AD of FW at a concentration range of 25 -50 µg/g resulting in 30 -35% increase of biomethane production.

A better solubilization of proteins (6.96 ± 2.76% higher) and recalcitrant carbohydrates (344.85 ± 54.31 mg/L as compared to zero) was obtained with bioaugmentation of giraffe dung (30% by volume), which yielded a 11.24 ± 4.51% higher biomethane production.

A two-stage CSTR with digestate re-circulation performed better than one-stage CTSR due to: (i) a better pH self-adjusting capacity; (ii) a higher resistance to organic loading shocks; (iii) almost 100% volatile solids (VS) was destroyed as compared to 71% in one-stage CSTR; (iv) 50-60% methane content in the biogas was obtained, while it was 40-50% in one-stage CSTR;

(v) a small amount of hydrogen was also detected from the first stage of the two-stage reactor making it an attractive system for biohythane production. Nevertheless, the long hydraulic retention time (HRT) requirement, makes the conventional AD systems less attractive, hence an AnMBR equipped with a side-stream polyvinylidene fluoride membrane was proposed and a successful operation was achieved. Thanks to the membranes the HRT was reduced from 20 d to 1d, while maintaining an overall removal efficiency of >97% in terms of influent chemical oxygen demand and yielded a higher biogas production with 70% methane content.
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SINTESI

La digestione anaerobica degli scarti alimentari rappresenta una tecnologia vantaggiosa per il trattamento di questo tipo di rifiuti che consente di garantire da un lato la produzione di energia e dall'altro il contenimento delle emissioni di gas serra. Tuttavia, la massimizzazione della produzione di energia e il mantenimento di condizioni stabili di funzionamento del processo sono obiettivi difficili da raggiungere. Per massimizzare le prestazioni di tale tecnologia, nel presente lavoro di tesi sono stati studiati i) diversi metodi di pre-trattamento, ii) l'aggiunta di elementi in traccia, iii) la bioaugmentazione con letame di diversi animali da zoo e iv) il confronto di varie configurazioni impiantistiche, tra cui reattori a completa miscelazione (CSTR) a uno e due stadi e reattori anaerobici a membrana (AnMBR).

Il pre-trattamento termico a 80 °C per 1.5 ore è risultato, sulla base degli esperimenti batch, più efficiente rispetto all'ozonizzazione e allo shock termofilo, con produzioni di biometano più elevate del 46 -52% rispetto alla digestione anaerobica dello stesso substrato non pretrattato.

Tra i vari elementi in traccia testati, Se (VI) è risultato essere il più importante la digestione anaerobica degli scarti alimentari in un intervallo di concentrazione di 25 -50 µg/g che hanno fornito incremento della produzione di biometano 30 -35%.

Una migliore solubilizzazione delle proteine (6.96 ± 2.76% in più) e dei carboidrati recalcitranti (344.85 ± 54.31 mg/L contro zero) è stata ottenuta attraverso la bioaugmentazione con letame di giraffa (30% in volume), con un incremento della produzione di biometano del 11.24 ± 4.51%.

Gli esperimenti condotti con bioreattori in continuo hanno indicato maggiori efficienze del reattore CSTR a due stadi con ricircolo del digestato rispetto al reattore CSTR a uno stadio per i seguenti motivi: i) una migliore capacità di autoregolazione del pH, ii) una maggiore resistenza ai sovraccarichi organici, iii) quasi il 100% dei solidi volatili (VS) è stato degradato contro il 71% nel caso del reattore CSTR a uno stadio, iv) 50-60% di metano nel biogas contro il 40-50% ottenuto nel caso del reattore a uno stadio, v) la produzione di una piccola quantità di idrogeno è stata rilevata nel primo stadio del reattore a due stadi, indicando la possibilità di un interessante utilizzo per la produzione di biohythane. Tuttavia, l'uso di reattori convenzionali CSTR è limitato dalla necessità di elevati tempi di detenzione idraulica (HRT), per cui un reattore AnMBR è stato proposto come configurazione impiantistica alternativa. Con tale sistema è stato possibile ridurre l'HRT da 20 giorni a 1 giorno, mantenendo un'efficienza di rimozione del COD superiore al 97% e ottenendo una maggiore produzione di biogas con un contenuto di metano del 70%.
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RÉSUMÉ

Le traitement des déchets alimentaires par digestion anaérobie peut conduire à une production d'énergie couplée à une réduction de volume et des émissions de gaz à effet de serre dues à ce type de déchets. Néanmoins, l'obtention la plus élevée possible du méthane dans un temps court avec un fonctionnement stable représente un défi. Pour optimiser la performance de la digestion anaérobie pour le traitement de déchets alimentaires plusieurs méthodes de prétraitement, la supplémentation en oligo-éléments, la bioaugmentation en utilisant le fumier des animaux de zoo et la comparaison des configurations de réacteur (y compris des réacteurs agités en continu en une ou en deux étapes ainsi que un bioréacteur anaérobie de membrane), ont été étudiés dans le cadre de la présente recherche.

Basé sur les résultats des expériences de traitement par lots, le pré-traitement thermique à 80 ° C pendant 1,5 heures a donné une production de biométhane plus élevé (46 à 52%), et il est plus économe en énergie que l'ozonation ou les pré-traitements thermophiles.

Parmi les divers éléments traces testés Se (VI) se est avéré être le plus important pour l'AD de FW à une gamme de concentration de 25 à 50 pg / g résultant en 30 -augmentation de la production de biométhane de 35%.

Une meilleure solubilisation des protéines (6,96 ± 2,76% de plus) et des glucides récalcitrants (344,85 ± 54,31 mg / L par rapport à zéro) a été obtenue avec bioaugmentation de fumier de girafe (30% en volume), qui a donné une augmentation (11,24 ± 4,51%) de la production de biométhane.

Un réacteur agité en continu à deux étapes avec recirculation de digestat fait une meilleure performance que celui à une étape en raison de: (i) une meilleure capacité d'auto-ajustement du pH; (ii) une plus grande résistance aux chocs de charge organique; (iii) près de 100% de solides volatils (SV) ont été détruits par rapport à 71% dans le réacteur agité en continu à une étape; (iv) 50 à 60% de teneur en méthane dans le biogaz a été obtenu, alors qu'il était de 40 à 50% dans le réacteur agité en continu à une étape; (v) une petite quantité d'hydrogène a également été détectée à partir de la première étape dans le réacteur agité en continu à deux étapes, qui en fait un système attrayant pour la production de biohythane. Néanmoins, les longs temps de rétention hydraulique (TRH), font des systèmes classiques de digestion anaérobie moins attrayants, d'où un bioréacteur anaérobie de membrane équipée avec une membrane de fluorure de polyvinylidène avec courant latéral a été proposé et une opération réussie a été atteint. Grace aux membranes, le TRH a été réduit de 20 jours à 1 jour, tout en maintenant une efficacité d'élimination globale > 97% en termes de demande chimique en oxygène de l'influent et a egalement abouti à une production de biogaz supérieur à 70% de teneur en méthane.

xiv

SAMENVATTING

Behandeling van voedsel afval (VA) door anaërobe vergisting (Aaerobic digestion, AD) kan leiden tot energie productie gekoppeld aan een reductie van het volume van dit afval en de uitstoot van broeikasgassen. Niettemin is het behalen van de hoogste mogelijke terugwinning van methaan in een zo kort mogelijke tijd onder stabiele omstandigheden erg uitdagend. Om de prestatie van de AD behandeling van VA te maximaliseren kunnen verschillende voorbehandelmethodes worden toegepast, zoals het toevoegen van sporenelementen, bioaugmentatie via het toevoegen van de mest van geschikte dieren uit een dierentuinen en het vergelijken van diverse reactor configuraties, inclusief één of twee fase continue gemengde tank reactoren (CSTR) of een anaërobe membraan bioreactor (AnMBR). Al deze strategieën zijn dit onderzoek bestudeerd.

Gebaseerd op de resultaten van batch experimenten leverde een voorbehandeling bij 80°C voor 1.5 uur een 46-52% hogere biomethaan productie. Ook is dit effeciënter dan ozonatie en thermofiele voorbehandeling.

Onder de verschillende geteste sporenelementen bleek Se(VI) in het concentratiebereik van 25 -50 ug/g het belangrijkste element voor de AD van AV, resulterend in een 30 -35% hogere biomethaan productie.

Een betere oplosbaarheid van proteinen (6.96 ± 2.76% hoger) en recalcitrante koolhydraten (344.85 ± 54.31 mg/L vergeleken met onoplosbaar) is gevonden bij bioaugmentatie van girafmest (30% in volume) aan het AD digestaat, wat een 11.24 ± 4.51% hogere biomethaan productie opleverde.

Een twee fase CSTR met digestaat recirculatie werkt beter dan een één fase CTSR dankzij: (i) een betere zelfaanpassingscapiciteit voor pH; (ii) een hogere weerstand tegen organische schokbelastingen; (iii) bijna 100% van de vluchtige vaste stoffen (VS) waren afgebroken in verlijking met slechts 71% in een één fase CSTR; (iv) een methaan gehalte van 50-60% in het biogas werd verkregen in vergelijking met 40-50% in de één fase CSTR; (v) een kleine hoeveelheid waterstof is ook gedetecteerd in het eerste stadium van de twee fase reactor, wat het een aantrekkelijk systeem maakt voor biomethaan productie uit VA.

INTRODUCTION

The rapid population growth and increased consumption of natural resources have triggered environmental, economical, social and political issues all around the world. One of such crucial issues that both developed and developing countries are currently facing is the everincreasing generation of organic solid waste (OSW). OSW is mostly composed of food waste (FW), which is a mixture of organic materials derived from the processing, sorting, preparation, cooking and handling of food as well as the leftover from post-consumers.

Problem description

The generation rate of FW depends on many factors such as region, season, culture, demographics, and economic income. In low-income countries, 40% of food is wasted during the production-to-processing stages, whereas in industrialized countries more than 40% of food loss occurs at retail and consumer stages [1]. FW generation rate in low to middle income countries is 0.35 kg/day.capita, whereas in high-income countries the rate is 0.6 kg/day.capita [2]. There are limited studies on the reasons of wasting food, however some studies suggest that in developed countries food is wasted mostly due to behaviors and simply the population can afford. For instance in UK 25% of purchased food is wasted [3], whereas in The Netherlands 8-11% of purchased food is wasted [4]. In USA also 25% of food (excluding food converted into composting, used to feed animals and discharged into sewage) is wasted at household level [4]. Another study in South Korea estimated that 26-27% household waste is composed of food [5].

In overall, FAO suggests that one-third of the food produced for human consumption is lost or wasted globally, which amounts to about 1.3 billion tons per year [1]. Besides the aesthetics issues associated with the FW, it is worth mentioning that 250 km 3 of water and 28% of the world's agricultural area is used for the production of the FW generated [6]. Moreover, as a consequence of increased urbanization and income of the developing nations, FW generation rate is predicted to be increased by a 44% by year 2025 [4]. If current waste management is practiced global methane production from FW will increase from 3 to 48 Gkg by 2025 [7]. While it is important to reduce the FW generation rate, a sustainable treatment of unavoidable FW is crucial to reduce the environmental footprint from it.

At present the most common FW stabilization technology is still landfilling followed by conversion technologies. Landfills are strongly descouraged by legislations such as EU Directives on Landfill (1999/31/EC) and Waste Framework (2006/12/EC), as it contributes to further environmental impacts including soil and groundwater pollution, greenhouse gases emissions, utilization of huge land as well as being a reservoir of disease organisms and vectors. Furthermore, the outbreak of Bovine spongiform encephalopathy (BSE) or the mad cow disease and foot and mouth disease crisis led to the banning of animal feeding with FW, and necessities the treatment of FW [8]. In detail, AD is a biological process that converts the complex organic matter into biogas (a mixture of methane (CH 4 ) and carbon dioxide (CO 2 ), and digestate by microbial action in absence of oxygen. AD consists of four different stages, which involves four types of microbial activities, namely: hydrolysis (hydrolytic bacteria); acidogenesis (acidogens); acetogenesis (acetogens); and methanogens (methanogens). AD of OSW has been studied well for the past decades, and matured in many technical aspects including kinetics, modelling, process, digestion enhancement and etc. [11]. However, AD still posses several limitations as shown in Table 1.2. To reduce or prevent from these limitations, the AD process should be enhanced by reducing the retention time, while maintaining a stable process and recovering all the potential biomethane. This research is aimed at achieving the AD process enhancement of an abundant and a favourable substrate, FW.

Research objectives and structure of thesis

The main goal of this research was to enhance the AD of FW and obtain the highest possible biomethane production in the shortest possible time. Various methods were tested through In detail, AD is a biological process that converts the complex organic matter into biogas (a mixture of methane (CH 4 ) and carbon dioxide (CO 2 ), and digestate by microbial action in absence of oxygen. AD consists of four different stages, which involves four types of microbial activities, namely: hydrolysis (hydrolytic bacteria); acidogenesis (acidogens); acetogenesis (acetogens); and methanogens (methanogens). AD of OSW has been studied well for the past decades, and matured in many technical aspects including kinetics, modelling, process, digestion enhancement and etc. [11]. However, AD still posses several limitations as shown in Table 1.2. To reduce or prevent from these limitations, the AD process should be enhanced by reducing the retention time, while maintaining a stable process and recovering all the potential biomethane. This research is aimed at achieving the AD process enhancement of an abundant and a favourable substrate, FW.

Research objectives and structure of thesis

The main goal of this research was to enhance the AD of FW and obtain the highest possible biomethane production in the shortest possible time. Various methods were tested through

In detail, AD is a biological process that converts the complex organic matter into biogas (a mixture of methane (CH4) and carbon dioxide (CO2), and digestate by microbial action in absence of oxygen. AD consists of four different stages, which involves four types of microbial activities, namely: hydrolysis (hydrolytic bacteria); acidogenesis (acidogens); acetogenesis (acetogens); and methanogens (methanogens). AD of OSW has been studied well for the past decades, and matured in many technical aspects including process kinetics, modelling, digestion enhancement and etc. [11,12]. However, AD still posses several limitations as shown in Table 1.2 [9][10][11][12]. The research activities carried out to accomplish the objectives are explained below and illustrated in Figure 1.1.

Chapter 1 explains the general motivation of the research and problem description. It highlights the research objectives and activities carried out to achieve the aims.

Chapter 2 gives the comprehensive literature review on the pretreatment methods to enhance the anaerobic digestion of OSW. Among the publications reviewed for this chapter a considerable number of them were on FW.

Chapter 3 highlights the experimental results on thermal and ozonation pretreatment methods.

Carrying out the research activities in this chapter the objectives 1a, 1b and 1d were accomplished.

Chapter 4 presents the effects of thermal pretreatment and thermophilic pretreatments for the enhancement of mesophilic AD of FW. With this chapter objectives 1c and 1d were achieved.

Chapter 5 activities were conducted to accomplish objective 2a. This chapter briefly explains the importance of trace elements on the AD of FW, and the possibility to enhance the process by supplementing various trace elements. 

Introduction

Anaerobic digestion (AD) is one of the oldest and well-studied technologies for stabilizing organic wastes [1]. Among the treatment technologies available for treating organic solid wastes (OSW), AD is very suitable because of its limited environmental impacts [2,[3][4][5] and high potential for energy recovery [2][3]6]. Such positive aspects coupled with the recent concerns on rapid population growth, increasing energy demand, and global warming have promoted further research on the AD process development and improvement in order to enhance biogas production, achieve faster degradation rates and reduce the amount of final residue to be disposed [3][4]7].

AD is a biological process that converts complex substrates into biogas and digestate by microbial action in the absence of oxygen through four main steps, namely hydrolysis, acidogenesis, acetogenesis and methanogenesis. Most researchers report that the rate-limiting step for complex organic substrates is the hydrolysis step [8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26], due to the formation of toxic by-products (complex heterocyclic compounds) or non-desirable volatile fatty acids (VFA) formed during the hydrolysis step [27,28]; whereas methanogenesis is the rate-limiting step for easily biodegradable substrates [24,27,29,30]. Extensive research has been conducted on pretreatment methods to accelerate the hydrolysis step [31][32] and to obtain suitable byproducts from this step [28], as well as to improve the quality of useful components like nitrogen and phosphorus to be recycled [33].

According to European Union Regulation EC1772/2002, substrates such as municipal solid waste (MSW), food waste (FW), and slaughterhouse wastes need to be pasteurized or sterilized before and/or after AD. Taking this regulation into account, pretreatment methods could be applied, thus obtaining a higher energy recovery and eliminating the extra cost for pasteurization and/or sterilization [34,35]. Pretreatment methods could nevertheless be unsustainable in terms of environmental footprints, even if they enhance the AD process performance [36]. The effects of various pretreatment methods are highly different depending on the characteristics of the substrates and the pretreatment type. Hence, it is difficult to compare and systematically assess the applicability and sustainability of such methods at a full scale.

In the recent past a number of reviews have been published with a common aim to assess the pretreatment effects. Table 2.1 shows that most of the research on pretreatment methods has been conducted on wastewater treatment plant (WWTP) sludge and/or lignocellulosic substrates; whereas there is a limited number of reviews on the recently growing interest of pretreatment methods to enhance AD of OSW, specifically the organic fraction of municipal solid waste (OFMSW). Therefore, this paper aims to review the most recently studied pretreatment methods including mechanical, thermal, chemical and biological methods to Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review 9 enhance AD of OSW, with an emphasis on OFMSW. The pretreatment methods will be compared in terms of efficiency, energy balance, cost and process sustainability.

Mechanical pretreatment

Process description and mode of action

Mechanical pretreatment disintegrates and/or grinds solid particles of the substrates, thus releasing cell compounds and increasing the specific surface area. An increased surface area provides better contact between substrate and anaerobic bacteria, thus enhancing the AD process [3,[24][25]. Esposito et al. (2011) suggested that a larger particle radius results in lower chemical oxygen demand (COD) degradation and a lower methane production rate [37]. Likewise, [START_REF] Kim | Effect of particle size and sodium ion concentration on anaerobic thermophilic food waste digestion[END_REF] showed that particle size is inversely proportional to the maximum substrate utilization rate of the anaerobic microbes [38]. Therefore, mechanical pretreatments such as sonication, lysis-centrifuge, liquid shear, collision, high-pressure homogenizer, maceration, and liquefaction are conducted in order to reduce the substrate particle size.

In addition to size reduction, some methods result in other effects depending on the pretreatment. [START_REF] Hartmann | Increase of anaerobic degradation of particulate organic matter in full-scale biogas plants by mechanical maceration[END_REF] reported that the effect of maceration is more due to shearing than cutting of the fibers [39]. Sonication pretreatment generated by a vibrating probe mechanically disrupts the cell structure and floc matrix [40]. The main effect of ultrasonic pretreatment is particle size reduction at low frequency (20-40 kHz) sound waves [41]. High-frequency sound waves also cause the formation of radicals such as OH * , HO 2 * , H * , which results in oxidation of solid substances [START_REF] Chu | Characterization of microbial community in the two-stage process for hydrogen and methane production from food waste[END_REF].

A high pressure homogenizer (HPH) increases the pressure up to several hundred bar, then homogenizes substrates under strong depressurization [START_REF] Kapdan | Bio-hydrogen production from waste materials[END_REF]. The formed cavitation induces internal energy, which disrupts the cell membranes [START_REF] Sahlstrom | A review of survival of pathogenic bacteria in organic waste used in biogas plants[END_REF]. These pretreatment methods are not common for OFMSW, but they are more popular with other substrates such as lignocellulosic materials, manure and WWTP sludge. Size reduction through beads mill, electroporation and liquefaction pretreatments of OFMSW has been studied at lab scale, whereas rotary drum, screw press, disc screen shredder, FW disposer and piston press treatment are successfully applied at full scale. Both electroporation and liquefaction pretreatments cause cellular structure damage, thus the effect on the AD process is similar to maceration [START_REF] Demirel | Two-phase anaerobic digestion processes: A Review[END_REF][START_REF] Bouallagui | Bioreactor performance in anaerobic digestion of fruit and vegetable wastes: A Review[END_REF]. The advantages of mechanical pretreatment include no odour generation, an easy implementation, better dewaterability of the final anaerobic residue and a moderate energy consumption. Disadvantages include no significant effect on pathogen removal and the possibility of equipment clogging or scaling [START_REF] Bouallagui | Bioreactor performance in anaerobic digestion of fruit and vegetable wastes[END_REF][START_REF] Blonskaja | Use of two-stage anaerobic treatment for distillery waste[END_REF].

Mechanical pretreatment of OFMSW

Mechanical pretreatments such as rotary drum were used as an effective technology for OFMSW separation and pretreatment prior to AD, which could enhance the biogas production by 18 -36% [START_REF] Riau | Assessment of solid retention time of a temperature phased anaerobic digestion system on performance and final sludge characteristics[END_REF][START_REF] Prieto | Development and start up of a gas-lift anaerobic membrane bioreactor (Gl-AnMBR) for conversion of sewage to energy, water and nutrients[END_REF]. Davidson et al. (2007) found small variations in both methane yields per gVS (gram volatile solids) and content of methane in biogas while studying the biomethane potential of source-sorted OFMSW pretreated with different mechanical methods including screw press, disc screen shredder, FW disposer and piston press [START_REF] Fotidis | Bioaugmentation with an acetateoxidising consortium as a tool to tackle ammonia inhibition of anaerobic digestion[END_REF]. Similarly, Zhang and Banks (2013) found no significant enhancement with such pretreatment methods [START_REF] Serna-Maza | Ammonia removal in food waste anaerobic digestion using a side-stream stripping process[END_REF]. Hansen et al. (2007) studied the effects of the same pre-treatment technologies on the quantity and quality of source-sorted OFMSW. They found that screw press pretreatment resulted in a smaller substrate particle size, while a shredder with magnetic separation yielded a higher (5.6 -13.8% as compared to the other methods) methane production [START_REF] Angelidaki | Thermophilic anaerobic digestion of livestock waste: the effect of ammonia[END_REF]. In contrast, Bernstad et al. (2013) reported that the screw press pretreatment method also result in a loss of biodegradable materials and nutrients, even though it enhances the biogas production in general [START_REF] Chen | Inhibition of anaerobic digestion process: A review[END_REF].

Izumi et al. (2010) studied the effect of the particle size on FW biomethanation. Size reduction through a beads mill resulted in a 40% higher COD solubilization, which led to a 28% higher biogas production yield. However, excess size reduction to particles smaller than 0.7 mm caused an accumulation of VFA [8]. As the methanogens are sensitive to acidic intermediates [START_REF] Pullammanappallil | Stable performance of anaerobic digestion in the presence of a high concentration of propionic acid[END_REF], excessive size reduction may result in a decreased AD process performance. Few research on electroporation, liquefaction, and high frequency sonication pretreatment methods to enhance OFMSW has been conducted. Electroporation pretreatment of OFMSW resulted in 20-40% higher biogas production [START_REF] Bouallagui | Bioreactor performance in anaerobic digestion of fruit and vegetable wastes: A Review[END_REF], and liquefaction resulted in 15-26% higher biogas production [3], whereas sonication resulted in 16% higher cumulative biogas production as compared to untreated substrates [START_REF] Raposo | Anaerobic digestion of solid organic substrates in batch mode: An overview relating to methane yields and experimental procedures[END_REF]. The higher biogas production was mostly due to the more extensive solubilization of the particulates.

Mechanical pretreatment of miscellaneous OSW

Maceration, sonication and HPH are the simplest mechanical pretreatments for OSW such as WWTP sludge and lignocellulosic substrates. Size reduction of lignocellulosic substrates results in a 5-25% increased hydrolysis yield, depending on the mechanical methods used [34], whereas for WWTP sludge and manure, the effects of pretreatments significantly differ. Generally, applying maceration pretreatment enhances biogas production by 10-60% [3]. For instance, maceration of fibers in manure up to 2 mm resulted in a 16% increase of the biogas production, while size reduction up to 0.35 mm resulted in a 20% increase, and no significant difference was observed with further size reduction [START_REF] Zhang | Update and mass balance of trace metals for methane producing bacteria[END_REF].

Barjebruch and Kopplow (2003) treated surplus sludge with HPH at 600 bar, and showed that the filaments were completely disintegrated [START_REF] Sahlstrom | A review of survival of pathogenic bacteria in organic waste used in biogas plants[END_REF]. Engelhart et al. (2000) studied the effect of HPH on the AD of sewage sludge (SS), and achieved a 25% increased VS reduction. This improvement was induced by the increased soluble protein, lipid, and carbohydrate concentration [START_REF] Demirel | Trace element requirements of agricultural biogas digesters during biological conversion of renewable biomass to methane[END_REF]. The HPH of WWTP sludge has been applied at full scale, resulting in a 30% biogas enhancement, thus the working volume of digesters could be decreased by 23% [3].

Sonication prior to the AD process resulted in an enhancement of the biogas production of 24-140% in batch systems, and 10-45% in continuous or semi-continuous systems [3]. However, not all studies confirm the enhancement of VS destruction or higher biogas production. Sandino et al. (2005) studied sonication of waste activated sludge (WAS) and obtained only a negligible increase in both VS destruction and mesophilic methane production [START_REF] Facchin | Effect of trace elemet supplementation on the mesophilic anaerobic digestion of food waste in batch trials: The influence of inoculum origin[END_REF].

Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review Further research on pretreatment should focus more on the modelling as well as mass and energy balance of the pretreatment effect and the whole AD process.

[61]

All organic substrates All pretreatment methods The most popular pretreatment methods are thermal and ultrasonic for WWTP sludge, chemical for lignocellulosic substrates, and mechanical for OFMSW. Systematic studies on energy balance and economic feasibility are necessary. Further development of descriptive and predictive variables is required.

[39] Lignocellulosic substrates Thermal, thermochemical, chemical Pretreatments could improve the digestibility of lignocellulosic substrates Pretreatments could result in more efficient process as compared to the conventional process.

[73] Lignocellulosic substrates Thermal, thermochemical, and chemical Thermal pretreatments as well as lime and ammonia based chemical methods are more effective in improving the digestibility of lignocellulosic substrates.

[34]

Pulp & paper sludge

Thermal, thermochemical, chemical Pretreatments could result in reduced HRT, increased methane production, and reduced sludge size. [40] WWTP sludge Ultrasound, chemical, thermal, and microwave Pretreatments result in enhanced biogas production (30 -50%).

Comprehensive model for evaluating the economic feasibility was developed.

[22]

WWTP sludge

Thermal, thermochemical, and chemical The effect of pretreatment methods depends on the characteristics of sludge and the intensity of the method. Pretreatments could yield a better digestate with high recoverable nutrients [3] WWTP sludge Thermal and thermochemical Thermal pretreatment at high temperature (>175 °C) as well as thermo-chemical methods are more effective in improving sludge dewaterability. [START_REF] Glass | Trace metal requirements for microbial enzymes involved in the production and consumption of methane and nitrous oxide[END_REF] Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review 12

Thermal pretreatment

Process description and mode of action

Thermal treatment is one of the most studied pretreatment methods, and has been successfully applied at industrial scale [3,31,[START_REF] Niu | Microbial community shifts and biogas conversion computation during steady, inhibited and recovered stage of thermophilic methane fermentation on chicken manure with a wide variation of ammonia[END_REF]. Thermal pretreatment also leads to pathogen removal, improves dewatering performance and reduces viscosity of the digestate, with subsequent enhancement of digestate handling [2,31,32,[START_REF] Demirel | The roles of acetotrophic and hydrogenotrophic methanogens during anaerobic conversion of biomass to methane: A Review[END_REF]. Various temperatures (50 -250 °C) to enhance the AD of different OSW (mainly WWTP sludge and lignocellulosic substrates) have been studied. However, to the best of our knowledge, no systematic research on various temperature and treatment times to enhance AD of OFMSW has been conducted.

The main effect of thermal pre-treatment is the disintegration of cell membranes, thus resulting in solubilization of organic compounds [17,[START_REF] Judd | The status of membrane bioreactor technology[END_REF][START_REF] Drexler | Membrane applications for microalgae cultivation and harvesting: A Review[END_REF][START_REF] Rajagopal | Sustainable agro-food industrial wastewater treatment using high-rate anaerobic process[END_REF]. COD solubilization and temperature have a direct correlation. Higher solubilization can also be achieved with lower temperatures, but longer treatment times. Mottet et al. ( 2009) compared different thermal pretreatment methods and found no significant difference between steam and electric heating, whereas microwave heating solubilized more biopolymers [START_REF] Jeong | Enhancement of bioenergy production and effluent quality by integrating optimized acidification with submerged anaerobic membrane bioreactor[END_REF]. The higher rate of solubilization with microwave pretreatment can be caused by the polarization of macromolecules [START_REF] Bouallagui | Bioreactor performance in anaerobic digestion of fruit and vegetable wastes[END_REF][START_REF] Judd | The status of membrane bioreactor technology[END_REF]. Concerning the lignocellulosic substrates, temperatures exceeding 160 °C cause not only the solubilization of hemicellulose but also solubilization of lignin. The released compounds are mostly phenolic compounds that are usually inhibitory to anaerobic microbial populations [34].

Bougrier et al. (2006) suggested that thermal pretreatment at high temperatures (>170 °C) might lead to the creation of chemical bonds and result in the agglomeration of the particles [START_REF] Chu | Characterization of microbial community in the two-stage process for hydrogen and methane production from food waste[END_REF]. One of the most known phenomena is the Mallaird reaction, which occurs between carbohydrates and amino acids, resulting in the formation of complex substrates that are difficult to be biodegraded. This reaction can occur at extreme thermal treatment at temperatures exceeding 150 °C, or longer treatment time at lower temperatures (<100 °C) [3,25,34,[START_REF] Tzcinski | Anaerobic digestion of the organic fraction of municipal solid waste in a two-stage membrane process[END_REF][START_REF] Tzcinski | Continuous treatment of the organic fraction of municipal solid waste in a two-stage membrane process with liquid recycle[END_REF].

In addition to these chemical reactions, thermal pretreatment can also result in loss of volatile organics and/or potential biomethane production from easily biodegradable substrates. Therefore, the effects of thermal pretreatment depend on the substrate type and temperature range.

Thermal pretreatment at lower temperatures (<110 °C)

Protot et al. (2011) suggested that thermal pretreatment at temperatures below 100 °C did not result in degradation of complex molecules, but it simply induces the deflocculation of macromolecules [START_REF] Drexler | Membrane applications for microalgae cultivation and harvesting: A Review[END_REF]. Barjenbruch and Kopplow (2003) obtained a similar conclusion with pretreatment at 90 °C. Their results showed that the filaments are not disintegrated, but they were only attacked with thermal pretreatment [START_REF] Sahlstrom | A review of survival of pathogenic bacteria in organic waste used in biogas plants[END_REF]. Neyens and Bayens (2003) reported that thermal pretreatment resulted in the solubilization of proteins and increased the removal of particulate carbohydrates [START_REF] Glass | Trace metal requirements for microbial enzymes involved in the production and consumption of methane and nitrous oxide[END_REF].

Thermal pretreatment of sludge even at lower temperature (70 °C) has a decisive effect on pathogen removal [24]. [START_REF] Gavala | Mesophilic and thermophilic anaerobic digestion of primary and secondary sludge. Effect of pretreatment at elevated temperature[END_REF] reported that pretreatment of primary and secondary WWTP sludge at 70 °C has a different effect on the thermophilic and mesophilic methane potential. Thermal pretreatment at 70 °C was shown to have a positive effect on mesophilic AD of primary sludge, but not on its thermophilic AD; whereas it enhanced both the thermophilic and mesophilic methane production of secondary sludge. This can be explained by the chemical composition of the OSW substrates: primary sludge contains higher amounts of carbohydrates, whereas secondary sludge contains higher amounts of proteins and lipids [26]. 2010) studied pretreatment of pig manure at temperatures higher than 110 °C. They observed hardening and darkening of manure, which resulted in a low biogas yield [10]. Hardening and the dark brownish color development of the substrate indicated the occurrence of Mallaird reactions.

Thermal pretreatment at higher temperature (>110 °C)

Chemical pretreatment

Process description and mode of action

Chemical pretreatment is used to achieve the destruction of the organic compounds by means of strong acids, alkalis or oxidants. AD generally requires an adjustment of the pH by increasing alkalinity, thus alkali pretreatment is the preferred chemical method [71]. Acidic pretreatments and oxidative methods such as ozonation are also used to enhance the biogas production and improve the hydrolysis rate. The effect of chemical pretreatment depends on the type of method applied and the characteristics of the substrates. Chemical pretreatment is not suitable for easily biodegradable substrates containing high amounts of carbohydrates, due to their accelerated degradation and subsequent accumulation of VFA, which leads to failure of the methanogenesis step [72]. In contrast, it can have a clear positive effect on substrates rich in lignin [13].

Alkali pretreatment

During alkali pretreatment, the first reactions that occur are solvation and saphonication, which induce the swelling of solids [31]. As a result, the specific surface area is increased and the substrates are easily accessible to anaerobic microbes [34,73,74]. Then, COD solubilization is increased through various simultaneous reactions such as saponification of uronic acids and acetyl esters, as well as neutralization of various acids formed by the degradation of the particulates [75]. When substrates are pretreated with alkali methods, an important aspect is that the biomass itself consumes some of the alkali [34], thus higher alkali reagents might be required for obtaining the desired AD enhancement.

Acid pretreatment

Acid pretreatment is more desirable for lignocellulosic substrates, not only because it breaks down the lignin, but also because the hydrolytic microbes are capable of acclimating to acidic conditions [76]. The main reaction that occurs during acid pretreatment is the hydrolysis of hemicellulose into perspective monosaccharides, while the lignin condensates and precipitates [34,77]. Strong acidic pretreatment may result in the production of inhibitory by-products, such as furfural and hydroxymethylfurfural (HMF) [73,76]. Hence, strong acidic pretreatment is avoided and pretreatment with dilute acids is coupled with thermal methods (See also Section 2.5). Other disadvantages associated with the acid pretreatment include the loss of fermentable sugar due to the increased degradation of complex substrates, a high cost of acids and the additional cost for neutralizing the acidic conditions prior to the AD process [73, 78, 79].

Effects of accompanying cations present in the acid/alkaline reagents

In addition to the effects of the alkali and acid themselves, the AD might be affected by the accompanying cations present in these reagents including sodium, potassium, magnesium, calcium, since the chemicals are added mostly as salts or hydroxides of these cations. Therefore, the inhibitory concentrations of these cations should be considered [3,80]. [START_REF] Kim | Effect of particle size and sodium ion concentration on anaerobic thermophilic food waste digestion[END_REF] studied the inhibition of the sodium ion concentration on the thermophilic AD of FW, and reported that more than 5 g/L of sodium resulted in lower biogas production [38]. . Nevertheless, supplementing trace metals to solid waste AD plants should not be considered as a pretreatment method, though it could be an effective method for achieving higher biogas production rates with a higher methane content.

Ozonation

Another chemical pretreatment method is ozonation [3], which does not cause an increase of the salt concentration and no chemical residues remain as compared to other chemical pretreatment methods. Moreover, it also disinfects the pathogens [88,89]. Hence, ozonation has gained great interest for sludge pretreatment [3,90], and to a lesser extend OFMSW.

Ozone is a strong oxidant, which decomposes itself into radicals and reacts with organic substrates [90] in two ways: directly and indirectly. The direct reaction depends on the structure of the reactant, whereas the indirect reaction is based on the hydroxyl radicals. As a result, the recalcitrant compounds become more biodegradable and accessible to the anaerobic bacteria [91].

Chemical pretreatments of OSW

Chemical pretreatments are widely applied on wastewater sludge and lignocellulosic substrates [3,34,73], while very limited research has been conducted on OFMSW. Ozonation pretreatment has only been conducted on wastewater or sludge from WWTP. In general, the optimal ozone dose for enhancing AD of WWTP sludge ranges between 0.05 to 0. 

Biological pretreatment

Biological pretreatment includes both anaerobic and aerobic methods, as well as the addition of specific enzymes such as peptidase, carbohydrolase and lipase to the AD system. Such conventional pretreatment methods are not very popular with OFMSW, but have been applied widely on other types of OSW such as WWTP sludge and pulp and paper industries.

The hydrolytic-acidogenic step (first step) of a two-phase AD process is considered as a biological pretreatment method by some researchers [3, 95 -97], while others consider it as a process configuration of AD, but not a pretreatment method [31]. Physically separating the acidogens from the methanogens can result in a higher methane production and COD removal efficiency at a shorter hydraulic retention time (HRT) as to conventional single-stage digesters [98]. Parawira et al. (2005) reported that optimizing the first hydrolysis stage could stimulate the acidogenic microbes to produce more specific enzymes, thus resulting in more extended degradation of substrates [99]. Therefore, in this review paper the first step of the two-phase AD systems are considered as a pretreatment method.

Conventional biological pretreatment

Aerobic pretreatment such as composting or micro-aeration prior to AD can be an effective method to obtain a higher hydrolysis of complex substrates due to the higher production of hydrolytic enzymes, which is induced by the increased specific microbial growth [16]. They did not obtain a significant biogas enhancement or VS reduction, though the hydrolysis step was accelerated [15].

Two-stage AD

A two-stage AD system consists of a hydrolytic-acidogenic stage followed by the methanogenic stage. The advantages of such systems include: i) increased stability with better pH control; ii) higher loading rate; iii) increased specific activity of methanogens resulting in a higher methane yield; iv) increased VS reduction and v) high potential for removing pathogens [6, 105- 

Temperature phased anaerobic digestion (TPAD)

Recently more research is being conducted on temperature phased anaerobic digestion (TPAD). This method usually consists of a primary digester at thermophilic (or hyperthermophilic) temperature followed by a mesophilic secondary digester. The advantages of TPAD include not only higher methane production yields, but also a pathogen free high 

Biohythane production

Optimizing two-stage conditions may result in the production of bio-hydrogen from the primary reactor and biomethane from the second reactor, making it a very attractive biohythane producing system. Numerous studies have been conducted on the optimization of such systems with reactors both at mesophilic and/or thermophilic temperatures. 2012) studied the optimization of two-stage AD of OFMSW, and obtained an overall biogas production of 661 ± 2.5 and 703 ± 2.9 ml/gVS for mesophilic and thermophilic operations, respectively. The biogas produced from the primary reactor contained 3-10% hydrogen, whereas the biogas from the secondary reactor contained 25-61% methane [122].

Combination of various pretreatments

Thermo-chemical pretreatment

Different pretreatment methods rely on various mechanisms to solubilize particulate organic matter [11,27]. Hence pretreatment methods in combination have also been studied to obtain a further enhancement of biogas production and faster AD process kinetics.

Shahriari et al. (2012) investigated the AD of OFMSW pretreated with a combination of high temperature microwaves and hydrogen peroxide pretreatment. The combination of microwaves with chemical pretreatments as well as the microwave irradiation at temperatures higher than 145 °C resulted in a larger component of refractory material per gCOD, causing a decrease of the biogas production [123]. A similar trend was observed with pig manure pretreated with lime and heated at temperatures higher than 110 °C [10,124]. This could be explained by the increased hydrolyses of proteins and carbohydrates due to the chemical pretreatment, and in the presence of heat the produced amino acids and sugars reacted together forming complex polymers such as melanoidins. However, alkaline pretreatment coupled with thermal methods at a lower temperature (70 °C) could result in a higher (78%) biogas production with a higher (60%) methane content as compared to the best results (28% increase of biogas production with 50% methane content) obtained by thermal pretreatment at higher temperatures (>100 °C) [10]. This enhancement of the AD process is due to the reduction of the hemicellulosic fraction [10,124].

Thermo-mechanical pretreatment

Mechanical pretreatment combined with thermal treatment have also been studied to enhance the AD of OFMSW, though this combination is not popular for OFMSW. 

Comparison of pretreatment methods to enhance anaerobic digestion of OFMSW

A systematic comparison of pretreatment methods in terms of their efficiencies, economic feasibility and environmental impacts are necessary for choosing the desired pretreatment method. To the best of our knowledge, no comparison of pretreatment efficiencies to enhance the AD of OFMSW has been conducted so far. The efficiency of the AD process can be evaluated through the methane yield per amount of removed or initial feed of TS, VS, and COD. The substrate solubilisation rate and anaerobic biodegradation is also used to evaluate the AD process performance. Table 2.2 compares the efficiency of pretreatment methods including mechanical, thermal, biological and a combination of them for enhancing the AD of OFMSW in terms of biogas production enhancement per amount of initial feed VS.

In general, OFMSW results in 280-557 ml/gVS biogas production, which is 70-95% of the organic matter in the feed. The pretreatment effects vary depending on the substrate characteristics and the type of AD system. The most commonly used mechanical pretreatment methods are size reduction by beads mills, electroporation, pressurization, disc screen, screw press and shredder with magnetic separation. Mechanical pretreatments result in a 20-40% increased biogas yield as compared to the untreated substrates. Both chemical and thermochemical methods could yield up to 11.5-48% higher biogas yield depending on the pretreatment conditions and substrate characteristics.

In thermal pretreatment, temperature plays a major role in the enhancement of biogas production. Low temperature (70 °C) pretreatment can result in a 2.69% higher biogas production for FW, whereas it does not have any significant biogas production enhancement for HHW or commingled OFMSW. Pretreating FW at high temperature results in 24% and 11.7% increased biogas production at 120 °C and 150 °C, respectively. Higher temperatures (175 °C) result in a decreased biogas production, due to formation complex polymers such as melanoidins.

Conventional biological pretreatments are not very popular for OFMSW, whereas two-stage AD systems with hydrogen recovery have become an interesting research field among the scientific community. Pretreatments such as composting could result in higher microbial activities [14]; but also result in a loss of volatile organics, and thus a potential methane Food waste Microwave with intensity of 7.8 °C/min Mesophilic batch 24% higher COD solubilization and 6% higher biogas production [START_REF] Judd | The status of membrane bioreactor technology[END_REF] Food waste Size reduction by beads mill Mesophilic batch 40% higher COD solubilization and 28% higher biogas production.
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Food waste Addition of HCl until pH=2 Thermophilic batch 13 ± 7 % higher COD solubilization and 48% higher biogas production 9 120° C, 1 bar for 30min

19 ± 3 % higher COD solubilization and 24% higher biogas production

Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review

22

HCl until pH=2 at 120° C 32 ± 8 % higher COD solubilization and 40% higher biogas production Pressurized until 10 bar and depressurized 12 ± 7 % higher COD solubilization and 48% higher biogas production

Frozen at -80° C for 6 hrs, and thawed for 30min Frozen/thawed and prehydrolysis for 12 days 4% higher COD solubilization, 8.5% higher biogas production Food waste 70 °C thermal and mesophilic pre-hydrolysis Mesophilic continuous 91% of FW was converted to biohythane with 8% hydrogen and 83% methane 

Energy balance

The required energy depends on the desired pretreatment temperature. If it is above 100 °C, most of the energy is utilized in water vaporization, thus making it less desirable [140]. Some researchers report that microwave heating has advantages over conventional heating due to the direct internal heating with no heat loss [22]. However, according to Mottet et al. ( 2010), neither microwave nor ultrasound was energy incentive for pretreating mixed sludge, as the enhanced methane yields were not enough to compensate the required energy [START_REF] Jeong | Enhancement of bioenergy production and effluent quality by integrating optimized acidification with submerged anaerobic membrane bioreactor[END_REF]. Yang et al.

(2010) reported that thermal pretreatment significantly improves the total amount of biogas produced, and the extra biogas produced can be utilized to reduce the costs through an efficient heat exchanger [137].

Escamilla-Alvarado et al. (2012) obtained a better energy balance with two-stage AD systems treating OFMSW. However, the higher gross energetic potential was due to the higher performance in the methanogenic reactor rather than the hydrogen production from the first stage [133]. Nasr et al. ( 2012) also estimated the energy balance of two-stage AD of thin stillage, and concluded that optimizing the two-stage AD process can increase the energy balance by 18.5% [138]. [START_REF] Lu | Improving anaerobic sewage sludge digestion by implementation of a hyper-thermophilic prehydrolysis step[END_REF] reported that a two-stage reactor showed a better energy balance with a surplus of 2.17 kJ/day, as compared to a single stage system for treating SS [27].

Economic feasibility

As the pretreatment of OFMSW is relatively new, its cost estimation is still based on lab-scale level data. For instance, Ma et al. (2011) estimated the net profit of various pretreatments to enhance the biogas production of FW, and obtained the best result (10-15 euro/ton FW) with less energy intensive methods (acid and freeze-thaw) [9]. However, they have not considered thermal pretreatment at lower temperatures, which could have been more economic.

The estimation of the economic feasibility of pretreatment methods based on a full-scale application has only been reported for WWTP sludge. per day based on the application of focused-pulsed pretreatment technology, which could generate a benefit of 540,000 USD per year [139]. [START_REF] Muller | Prospects and problems of sludge pre-treatment processes[END_REF] reported that a rough cost estimate of pretreatment methods is between 70 and 150 US$/tonTS for capital and OM cost [33]. Bordeleau and Droste (2011) estimated the cost of pretreatment methods to enhance the AD of sludge, based on the existing literature. They concluded that the microwave (0.0162 US$/m 3 ) and conventional thermal (0.0187 US$/m 3 ) pretreatments were cheaper than ultrasound (0.0264 US$/m 3 ) and chemical (0.0358 US$/m 3 ) methods [22]. However, the amount of sludge is an important factor to consider when estimating the pretreatment cost. Ultrasound pretreatment could be energetically feasible if a typical value of 6 kWh/m 3 sludge for a full-scale application is considered [140]. If a higher energy is required, biological pretreatment such as adding hydrolytic bacteria could be a cheaper option [START_REF] Zhang | Update and mass balance of trace metals for methane producing bacteria[END_REF]141].

The cost estimation of conventional biological pretreatment has not been reported to date. The economical feasibility of a two-stage AD were estimated by Bolzonella et al. (2007), who reported that the pay back time for a full-scale two-stage AD system with hyper-thermophilic pre-stage followed by mesophilic reactor is 2-6 years depending on the method of sludge disposal [142].

In addition to the calculation of net benefits, local circumstances such as labor, treatment capacity, transport, collection cost, energy prices, tax, purchase tariffs, land price, market, price of digested material, disposal of residue, additional mixing and pumping should be considered as well [4,5,[START_REF] Niu | Microbial community shifts and biogas conversion computation during steady, inhibited and recovered stage of thermophilic methane fermentation on chicken manure with a wide variation of ammonia[END_REF]132,[143][144][145][146][147][148].

Environmental aspects and sustainability of pretreatment methods

In addition to the energy balance and economic analysis, environmental consideration such as pathogen removal, use of chemicals, and the possibility for a sustainable use of the residues, impacts on human health and the environment should be considered as well when choosing a pretreatment method [4,22,134,[143][144][145][146][147][148][149][150][151]. Moreover, the anaerobic residues have the possibility to be used as soil fertilizers. Thus, the soil type as well as the potential gaseous emissions such as N 2 O should be considered [149]. Carballa et al. (2012) evaluated the environmental aspects of different pretreatment methods including chemical (acidic and alkaline), pressurize-depressurize, ozonation and thermal treatment in terms of Abiotic Resources Depletion Potential, Eutrophication Potential, Global Warming Potential, Human and Terrestrial Toxicity Potential through a life cycle assessment. They concluded that the pressurize-depressurize and chemical pretreatment methods outperformed ozonation, freezethaw and thermal methods [36].

gives a simple sustainability assessment of pretreatment methods to enhance OFMSW was carried out based on existing literature. Pretreatment methods with higher efficiencies, and that are more economically as well as environmental friendly methods obtained more plus points. The pretreatment methods with the most number of plus points were evaluated as the most sustainable. Table 3 shows that the thermal pretreatment at low temperature and the twostage AD system were assessed as the most sustainable methods to enhance the AD of OFMSW, followed by conventional biological methods and mechanical pretreatment. Chemical, thermochemical or thermal pretreatment methods at high temperatures could result in a higher enhancement of the AD process as compared to untreated substrates. However, the costs of the methods as well as the environmental considerations make it less desirable. 

Conclusion

The growing global concerns on the increasing amount of waste, energy demand, and global warming have stimulated research on the acceleration and enhancement of the AD process. Pretreatment methods can be categorized as mechanical, thermal, chemical, biological or a combination of them. Among the widely reported pretreatment methods tested at lab scale, only few mechanical, thermal and thermochemical methods were successfully applied at full scale. Based on a simple sustainability assessment, thermal pretreatment (at low temperatures) and two-stage AD systems offer more advantages as compared to the other pretreatment methods. These include: i) higher biogas yield; ii) decisive effect on pathogen removal; iii) reduction of digestate amount; iv) reduction of the retention time; v) better energy balance and vi) better economical feasibility. 

ENHANCED ANAEROBIC DIGESTION OF FOOD WASTE BY THERMAL AND OZONATION PRETREATMENT METHODS

Treatment of food waste by anaerobic digestion can lead to an energy production coupled to a reduction of the volume and greenhouse gas emissions from this waste type. According to EU Regulation EC1774/2002, food waste should be pasteurized/sterilized before or after anaerobic digestion. With respect to this regulation and also considering the slow kinetics of the anaerobic digestion process, thermal and chemical pretreatments of food waste prior to mesophilic anaerobic digestion were studied. A series of batch experiments to determine the biomethane potential of untreated as well as pretreated food waste was carried out. All tested conditions of both thermal and ozonation pretreatments resulted in an enhanced biomethane production. The kinetics of the anaerobic digestion process were, however, accelerated by thermal pretreatment at lower temperatures (<120 °C) only. The best result of 647.5 ± 10.6 mlCH 4 /gVS, which is approximately 52% higher as compared to the specific biomethane production of untreated food waste, was obtained with thermal pretreatment at 80°C for 1.5 hours. On the basis of net energy calculations, the enhanced biomethane production could cover the energy requirement of the thermal pretreatment. In contrast the enhanced biomethane production with ozonation pretreatment is insufficient to supply the required energy for the ozonator.

Introduction

Food waste (FW) is the largest fraction of municipal solid waste (MSW). A study by the Food and Agricultural Organization (FAO, 2011) suggests that one-third of the food produced for human consumption is lost or wasted globally, which amounts to about 1.3 billion tons per year [1]. The generation of MSW and FW are predicted to increase with 51 and 44%, respectively, by 2025; and if the current integrated solid waste management is practiced, the global methane production from landfilled FW will increase from 3 to 48 Gkg by 2025, contributing to global warming [2]. While it is important to reduce the amount of FW generated, it is also necessary to develop sustainable treatment and management schemes [3,4]. Hence, these have become an interesting research field in the scientific community.

As FW has a high moisture content and is readily biodegradable, it serves as a perfect substrate for anaerobic digestion (AD) [5,6]. The AD process is characterized by a series of biochemical transformations brought about by microbial consortia, which convert complex macromolecules into low molecular weight compounds such as biomethane, carbon dioxide, water and ammonia [7]. Treating FW with AD produces renewable energy and yields a reduction of the amount of waste and greenhouse gas (GHG) emissions. Curry and Pillay (2009) estimated the potential energy recovery from FW based on the FAO studies, and suggested that 1.3 billion ton of waste can produce 894 TWh/year, which is approximately 5% of the total global electrical energy utilization. Nevertheless, the long retention time of the AD process is a major concern. Therefore, to accelerate the process and to enhance the biomethane production, methods for pretreating FW prior to the AD process have been developed [3,[9][10][11][12]. Various mechanical, biological, chemical, thermal pretreatment methods or a combination of them can be applied for FW. The effects of various pretreatment methods are highly different depending on the characteristics of the substrates and the pretreatment type [13]. Although according to EU regulation EC1774/2002, FW is categorized as a catering waste, and it should be pasteurized or sterilized prior to or after AD [5]. Taking this regulation into account, a thermal or a chemical pretreatment of FW could be more effective. These pretreatments could cause the degradation of complex molecules as well as the solubilization of recalcitrant particles, making the substrate more available for the anaerobes.

Thermal pretreatment is one of the easiest and most studied pretreatment methods and has already been applied at a full-scale [3,12]. Among various chemical methods, ozonation is an attractive method, as it does not increase the salt concentration in the reactor and does not have oxidant residues in the organic waste [12]. However, previous research on thermal and ozonation pretreatment methods have been conducted mostly on wastewater sludge, and only a few studies were conducted on the organic fraction of municipal solid waste (OFMSW) such as FW. [START_REF] Ma | Enhanced biomethanation of kitchen waste by different pretreatments[END_REF] obtained a 24% increase of biomethane production from FW with a thermal pretreatment at 120 °C [15], whereas Liu et al. (2012) obtained a 7.9% decrease of the biomethane production from FW with thermal pretreatment at 170 °C [16]. [START_REF] Cesaro | Sonolysis and ozonation as pretreatment for anaerobic digestion of solid organic waste[END_REF] obtained a negligible increase with ozonation pretreatment of sourceseparated OFMSW [17].

To the best of our knowledge, no study has been conducted on the comparison of thermal and ozonation pretreatment to enhance the AD of FW. Therefore, this research aims at investigating the effects of thermal and ozonation pretreatments. A series of batch biomethane potential (BMP) tests were conducted to investigate the effect of temperature and treatment time of thermal and ozonation pretreatments. Moreover, the net energy production from applying these pretreatment methods, which could be used for a generation of electricity and heat, was estimated.

Materials and methods

Substrate and inoculum

MSW is the most complex solid waste stream, as opposed to more homogenous waste streams resulting from industrial or agricultural activities [17]. The generation rate and composition of FW depends on many factors such as the region, season, culture, economic income and demographics. To reduce experimental bias due to the different compositions of collected FW, the substrate used for this research was synthetically generated based on an average compositional analysis of FW in some European countries, including UK, Finland, Portugal and Italy (Table 3.1) [18]. Table 3.1 shows the fractions of synthetic FW used in this experiment as well as the results from the study on mixed FW composition in selected European countries [18]. In order to make the substrate preparation simpler, an assumption was made to eliminate the mixed meals, drinks and snacks fraction. The calculation was made assuming that the miscellaneous fraction of FW (25.8%) contains the same 58.4% fruits/vegetables, 3.6% pasta/rice, 4.7% bread/bakery, 6.1% meat/fish, 1.4% dairy products ratio, thus resulting in the additional distribution of the miscellaneous fraction over these known fractions. Based on the final concentration of the FW composition shown in Table 1, different types of uncooked food where mixed and blended in order to obtain a homogenized synthetic FW that represents the typical FW of the above-mentioned EU countries. 

Pretreatment of FW

EU Regulation EC1774/2002 dictates that catering waste should be pasteurized at >70 °C for at least an hour, or at >133 °C for 20 -30 min. With respect to this regulation, pretreatment at 70 -140°C for an hour and at 140 -150 °C for 30 min was conducted to investigate their potential to enhance the AD of FW. Moreover, a set of experiments was subsequently conducted if a longer pretreatment time could result in a further enhancement of the biomethane production. Pretreatment times of 1.5, 4 and 8 hours were investigated at the selected temperature.

A simple oven (WTC Binder) was used for the thermal pretreatment. The FW was directly put in a 1L glass bottle GL 45 (Schott Duran), and then placed inside the oven. After the pretreatment, the bottle was cooled until room temperature and it was directly used for the BMP tests.

There are no regulations for ozonation pretreatment of FW prior to AD. An UV generator (model-Fischer) using air from a compressor was used for the ozonation pretreatment. It produces 0.6 mmol O 3 with a flow rate of 35 L/hour. The FW was placed in a vessel with inlet and outlet tubes. The ozone was introduced from the bottom for 10 -60 min, and forced to flow out from the top, which generated 0.168 -1.008 gO 3 . Four concentrations (0.034 gO 3 /gTS, 0.068 gO 3 /gTS, 0.101 gO 3 /gTS, 0.202 gO 3 /gTS) of ozone doses were applied at room temperature prior to the BMP test. To reduce the potential ozone inhibition that can have an immediate killing effect on anaerobic microbes, the vessel was flushed with nitrogen gas after ozonation.

Biomethane potential test

As there is no standard protocol for BMP tests [19,20], the most common reported method was applied [19][20][21][22][23]. BMP tests were conducted in a 1L glass bottle at mesophilic (32 -34 °C) conditions. All the bottles were in duplicates and were placed on a magnetic stirrer (model-VELP) to provide continuous mixing. The substrate to inoculum (S/I) ratio was 0.5 gVS/gVS. The inoculum used for the BMP tests was from a full-scale AD plant located in Capaccio-Salerno (Italy). The plant treats the buffalo dung together with the milk whey and sewage sludge generated from the mozzarella producing industry. The expected microbial consortia responsible for the AD process would be the typical methanogens most commonly found in rumen, i.e. Methanobrevibacter, Methanomicrobium, Methanobacterium, and Methanosarcina [24].

Biomethane was measured once a day by a volumetric method as described by Esposito et al. (2012c) [23]. Each BMP test bottle was connected to an inverted 1L glass bottle containing an alkaline solution (120 gNaOH/L) to absorb the carbon dioxide. The cumulative biomethane production (CBP) was normalized to standard temperature and pressure (STP).

Analytical methods

Total Solids (TS), Volatile Solids (VS) and Total Kjeldahl Nitrogen (TKN) of both the synthetic FW and the inoculum were analysed according to the APHA standard methods [25]. Total proteins were calculated based on TKN, using a correction coefficient of 6.25 [26]. Total carbohydrates were determined with the phenol-sulphuric method and measured spectrophotometerically (TUV SR03210002) using glucose as standard solution [27]. Total lipids were extracted with a mixture of chloroform and methanol (1:2 by v/v), dried and weighted [28].

Net energy production

The net energy production was calculated based on the extra energy produced (E Produced) and the required energy for operating the pretreatments. The extra energy from the enhanced biomethane production can be calculated as follows [13]:

E Produced = E Biomethane * V Biomethane * η (1) 
where:

E Biomethane = energy content of biomethane (6.5 kWh/m 3 );

V Biomethane = extra biomethane produced due to pretreatment (m 3 ); η = conversion factor (0.85 for thermal energy);

The total required energy for the thermal pretreatment is the sum of the required energy (E Thermal) to obtain the desired pretreatment temperature and the energy of the pretreatment chamber (E Chamber) to maintain the heat [13]:

E Thermal = CFW * MFW * ΔT + C Water * M Water * ΔT (2) 
where:

C FW = heat capacity of dry food waste (1.92 kJ kg -1 °C-1 ); M FW = dry mass of food waste and/or TS (kg/ton FW);

C Water = heat capacity of water (4.18 kJ kg -1 °C-1 );

M Water = mass of water in FW (kg/ton FW); ΔT = temperature increase from room temperature to desired temperature (°C)

E Chamber = ΔT * A * (k / s) * t (3) 
where:

A = total surface area of the pretreatment chamber (m 2 ); s = thickness of the pretreatment chamber wall (m); k = heat conductivity of material used of pretreatment chamber (W/m, °C); t = pretreatment time (hours).

The density of FW ranges between 0.3 -1 ton/m 3 depending on its characteristics and compaction [27]. For simplicity, 1 ton/m 3 was considered for this research. Hence, a small pretreatment chamber with 1.1 m-height and 0.55 m-radius width, made of polyurethane (k = 0.022 W/m, °C) was considered for the thermal pretreatment of 1 ton FW. Since E Chamber depends on the outdoor temperature, various scenarios of ambient air temperature (-10 to 20 °C) were considered.

The total energy required for ozonation depends on the ozonation method and the characteristics of the ozonator. Ozone generation from air with the lowest energy efficiency of 2 -3% requires 40 kWh/kgO 3 energy, whereas a high-energy efficiency of 30% requires 2.5 kWh/kgO 3 energy [28]. The average (21.3 kWh/kgO 3 ) of reported values was used to estimate the required energy for ozonation pretreatment. The calculation of the net energy production could not be compared with any other research, as so far no literature was found specifically referring to FW.

Results

Characteristics of substrate and inoculum

The results of the chemical and physical characterization of both the synthetic FW and the inoculum are shown in Table 3.2. The synthetic FW contains a high percentage (76.5 ± 0.7 % VS) of carbohydrates, making it a suitable substrate for the AD process [30]. Values shown in Table 3.2 are the averages of the three sets of experiments and standard deviations are calculated based on the values of triplicate experiments of each set. The inoculum contains a higher amount of protein and lipids than carbohydrates. This suggests that the TS are mainly contained in the microbial biomass and very little FW substrate is available in the inoculum. The first set of experiments was conducted to investigate the effect of temperature (70 -140 °C) to pretreat FW for an hour. Biomethane production of FW reached its maximum amount after 154 days, though the experiment was kept running for another 2 months to make sure the maximum was attained. The CBP curves are shown in Figure 3.1.

FW pretreated with the thermal method produced more biomethane than the untreated FW (Figure 3.1A). The CBP of pretreated FW was enhanced by 22.2 ± 1.3, 18.9 ± 4.1, 9.9 ± 0.6, 7.5 ± 0.9, 3.8 ± 1.2 % at pretreatment temperatures of 80, 100, 70, 120 and 140 °C, respectively.

The next set of BMP tests was carried out with FW pretreated at 140 -150 °C for 30 min (Figure 3.1B). FW pretreated at higher temperatures produced less methane than the untreated FW during the initial 16 -18 days. At the end of the experiment, the CBP of pretreated substrates were nevertheless increased by 6.9 ± 0.3 and 4.5 ± 0.8% at 140 and 150 °C, respectively. After the thermal pretreatment at 120, 140 and 150 °C for both 1 hour and for 30 min at 140 and 150 °C, the substrate turned brown. The effect of the thermal pretreatment on the AD process is particularly clear when comparing the SBP of the initial 20 days of biomethanation (Figure 3.2). Most of the organic matter (80-85%) is converted into biomethane in the initial 20 days. Figure 3.2 shows that all the thermally pretreated FW substrates have a higher SBP than the untreated FW (426.0 ± 8.5 mlCH 4 /gVS). The highest SBP of 539.8 ± 8.7 mlCH 4 /gVS was achieved with a pretreatment at 80 °C, followed by 516.1 ± 7.1 at 100 °C, 492.1 ± 16.3 at 120 °C and 479.3 ± 7.9 at 70°C . The energy requirement for a thermal pretreatment higher than 100 °C is mostly utilized for evaporating the water, thus high temperatures (>100 °C) were not suitable for the pretreatment of FW due to a higher energy requirement and lower enhancement of the SBP.

The BMP tests on the effect of treatment time were carried out with temperatures at 70 °C and 80 °C. Although for comparison reason, the net energy production was estimated for 120 °C. 3 show that all pretreatment conditions applied resulted in a higher CBP when compared to the production of untreated FW. As shown in Figure 3.4 the highest SBP achieved was with 1.5 hours of pretreatment and amounted to 647.5 ± 10.6 and 510.6 ± 11.9 mlCH 4 /gVS at 80 and 70 °C, respectively. It is interesting to note that after 14 days of biomethanation, the substrate treated at 80 °C for 1.5 hours showed a sudden increase in biomethane production, making up an additional increase to the CBP curve. Longer pretreatment times of 4 and 8 hours resulted in a higher SBP as compared to the untreated FW, though the accumulated increase is less when compared to the SBP of 1 hour pretreated FW at the same temperature. It is worthwhile to note that the FW pretreated at 70 °C and 80 °C for 4 and 8 hours turned light brownish. 

Ozonation pretreatment

CMP curves of the untreated and ozonated FW are shown in Figure 5. The net methane yield of untreated FW was 440.3 ± 2.6 mlCH 4 /gVS, which is consistent with the first set of experiments and comparable with previous research. The BMP tests were kept on running for almost 220 days until the biomethanation was ceased. All ozonated FW produced less biomethane as compared to the untreated substrate during the initial 15 days. However, thereafter all the ozonated FW started producing higher amounts of biomethane than the untreated FW. At the end of the experiment, ozonation pretreatment resulted in 35.2 ± 1.5, 46.4 ± 2.8, 32.9 ± 1.8, 22.2 ± 1.3% higher CMP at ozone doses of 0.034 gO 3 /gTS, 0.068 gO 3 /gTS, 0.101 gO 3 /gTS, 0.202 gO 3 /gTS, respectively. Similar to the thermal pretreatment at 80 °C for 1.5 hours, the ozonation pretreatment also caused an additional increase in the CBP curves (Figure 3.5) after 18 and 36 days of biomethanation. The SBP of the 20 days biomethanation (Figure 3.5) shows that the net SBP of the untreated substrate was 420.9 ± 9.5 mlCH 4 /gVS, which is consistent with the results from the first set (Figure 2). The highest SBP of 9.2 ± 0.7% was achieved with an ozone dose of 0.068 gO 3 /gTS, followed by an increase of 7.8 ± 0.1% with 0.034 gO 3 /gTS. Therefore, the required energy estimation was carried out for these conditions. A) B) Figure 3.5: Effect of ozone on A) CBP curves; B) SBP of FW during the initial 20 days

Net energy production

On the basis of the BMP experimental results, thermal pretreatment at 80 °C for 1.5 hours, gave the highest enhancement of SBP. Its net energy production was calculated for different scenarios (Figure 3.6). Each scenario resulted in positive net energy production (Figure 3.6); thus the extra biomethane produced due to pretreatment is sufficient to generate the energy to apply the pretreatment. In contrast, the pretreatment at 120 °C resulted in a negative net energy production (Figure 6), suggesting the higher temperatures are not suitable for pretreating FW. Table 3 shows the calculation of the net energy production for ozonation pretreatment. Each condition resulted in a negative energy balance, which means the required 

Effects of pretreatment methods

The CBP curves (Figure 3.1, Figure 3.5) of the untreated FW suggest a typical AD of a substrate rich in carbohydrates [30,31], which agrees with the chemical analyses of the FW (Table 3.2). AD of lipids and proteins are relatively slow as compared to carbohydrates [32], and [START_REF] Breure | Protein degradation in anaerobic digestion: influence of volatile fatty acids and carbohydrates on hydrolysis and acidogenic fermentation of gelatin[END_REF] suggested that a complete degradation of proteins cannot be achieved in the presence of high carbohydrate concentrations [33]. Hence, the entire potential biomethane source cannot be recovered from a normal unstimulated biomethanation of complex substrates (such as FW), which contains both easily biodegradable (carbohydrates) and recalcitrant organic matter (lipids and proteins). This study, however, showed that pretreatment of FW with thermal and ozonation methods prior to AD can enhance the CBP (Figure 3.1, Figure 3.5). The results suggest that the recalcitrant organic matter was degraded to less complex substrates that are easily available for the anaerobic microbes. In this regard, focusing only on favourable C/N ratio, which is reported to be in the range of 14.7 -36.4 [6, 9,] for the AD of FW is not suitable, as FW contains considerable amount of recalcitrant complex substances. Moreover, thermal and ozonation pretreatments disinfect the substrates, which contribute to a hospitable environment for the methanogenic consortia in the anaerobic digesters. Consequently, the more specialised microbial community could convert more organic matter to biomethane. Nevertheless, the effects of pretreament methods were different depending on the conditions applied.

Effect of thermal pretreatment

Thermal pretreatment at all the tested conditions resulted in an enhanced CBP (Figure 3.2, Figure 3.3, Figure 3.5), which agrees with the previous research [11,13,30,34]. These results indicate that the thermal pretreatment caused a deflocculation of macromolecules [34,35], which increases the surface area of the substrates as proposed by previous research. Esposito et al. (2011b) confirmed that the increased surface area results in a better contact between the substrate and the microbial population, thus more organic matter is converted into biomethane [10].

In addition to the well-known enhancement of the CBP, this study showed the various effects of pretreatment temperature and time that was not very well explained specifically for FW by previous research. The effects of temperature and treatment time on the CBP and SBP were not linear, but parabolic (Figure 3.2, Figure 3.4). It suggests that the thermal pretreatment also caused the degradation of complex substances and/or increased the soluble organic matter, resulting the Maillard reaction, i.e. a reaction between amino acids and sugars. The product from the Maillard reaction, melanoidins, is difficult to degrade anaerobically [12,32]. Depending on the type of carbohydrates and proteins in the substrates, the temperature range to cause Maillard reactions differ, though the colour development is an important confirmation of the reaction [14,31]. The FW pretreated at higher (>120 °C) temperatures indeed turned brownish. Liu et al. (2012) obtained a similar conclusion with a study on the thermal pre-treatment of FW and fruit and vegetable waste at 175 °C, which resulted in a 7.9% and 11.7% decrease of the CBP, respectively, due to the formation of melanoidins [15]. Moreover, the FW pretreated at lower (70 and 80 °C) temperatures for longer times (4 and 8 hours) turned light brownish, suggesting an incomplete or mild Maillard reaction had occurred. Bougrier et al. (2006) proposed that the thermal pretreatment could also cause a reaction between the soluble carbohydrates and soluble proteins, forming amadori like compounds [35]. These amadori compounds are the by-products of melanoidins [31,32,33,34,35]; and the formation of such compounds might have also yielded a lower enhancement of the SBP at these pretreatment conditions.

Further to the Maillard reaction, which is a confirmation of increased degradation of proteins and carbohydrates, degradation of lipid compounds was also induced by the thermal pretreatment. As suggested by Cirne et al. ( 2007), the major obstacle of biomethane production from lipid compounds are the long chain fatty acids (LCFA), which yields a long (6 -10 days) lag phase [38]. However, this inhibition due to LCFA is not permanent and it takes time for the LCFA consuming anaerobic microbes to grow. Therefore, when organic substrates contain lipid compounds, the CBP curves usually illustrate a sudden increase. Besides the melanoidins and the LCFA inhibition due to increased degradation of the organic matter, the lower biomethane production of the thermally pretreated FW during the initial days (Figure 3.1, Figure 3.3) can be explained by volatilization of short chain organics, which are a potential biomethane source [34]. Since FW contains also the easily biodegradable, highly volatile carbohydrates, higher pretreatment temperatures (>140 °C) and longer treatment times (>4 hours) can result in a loss of these fermentable sugars. Therefore, to obtain the highest amount of potential biomethane production from FW and to prevent a possible inhibition as well as a loss of potential biomethane, it is important to have a balance between the degradation of carbohydrate, lipid and protein substrates [32,33].

Effect of ozonation pretreatment

Ozonation pretreatment yielded 22-46% enhancement of CBP (Figure 3.5), which is comparable with the previous results by [START_REF] Cesaro | Sonolysis and ozonation as pretreatment for anaerobic digestion of solid organic waste[END_REF], who reported a 37% increase of CMP from ozonated source-separated OFMSW [13]. Even though the CBP enhancement is comparable, the ozone dose for such enhancement is much lower (0.068 gO 3 /gTS as compared to 0.16 gO 3 /gTS) in this research, and the CBP curves illustrate different trends. Figure 6 shows that all the ozonated FW produced less biomethane as compared to untreated FW during the initial 18 days.

Ozone is a strong oxidant, which decomposes itself into radicals that react with organic substrates in two ways: directly and indirectly [39]. The direct reaction based on the radicals of ozone can destroy the easily fermentable sugar, thus resulting in a loss of biomethane production. This effect is comparable with the more extreme thermal pretreatment conditions, e.g. higher temperatures and longer treatment times (3.4.1.1). The indirect reaction of ozone, which depends on the hydroxyl ion, causes the degradation of complex organic compounds such as lipids and proteins in FW, thus yielding a sudden increase in the biomethane production (Figure 3.4). However, a previous study on the AD of ozonated SS-OFMSW produced a higher biomethane yield from the beginning of the AD process [16], probably the SS-OFMSW used for their experiment contained a higher level of lipids and proteins. Unfortunately, the authors did not analyse the chemical content of the substrate. Based on the results obtained in this study (Table 3.3), ozonation found to be an inefficient method to enhance the AD of FW. Even though ozonation resulted in a higher CBP at all concentrations, considering the initial 20 days of AD process a high ozone dose of 0.202 gO 3 /gTS found to be an inhibitory condition. It can be explained by a higher loss of fermentable sugar at a higher concentration of ozone, as FW contains a mostly carbohydrates (Table 3.2). Ozonation could be an attractive method for a substrate with high content of more complex and recalcitrant organics.

Net energy production

On the basis of the net energy estimation, the enhanced biomethane production could cover the required energy for the thermal pretreatment at 80 °C for 1.5 hours, regardless of the ambient air temperature; whereas the pretreatment at 120 °C gave a negative net energy production (Figure 3.6). Due to lack of existing literature on the subject, no comparison on the net energy production by other substrates or systems could be carried out. In order to compare with previous results, which reported a profit of 8.5 -9.1 €/tonFW at 120 °C [13], the net energy production was converted to a net profit when considering a thermal energy cost of 0.07 €/kWh [13]. The net energy produced after thermal pretreatment could yield a profit of 7.65 -13.45 €/tonFW at 80 °C for 1.5 hours, depending on the ambient air temperature of the plant location; whereas a pretreatment at 120 °C could have a profit of 0.41 €/tonFW only if the ambient temperature is 20 °C or higher. However, this research considered not only the required energy to reach the desired temperature, but also the energy to maintain the heat, with respect to the ambient air temperature, resulting in a lower profit as compared to other research.

Conclusions

This research investigated the thermal and ozonation pretreatment methods to enhance the biomethanation of a synthetic FW, which was prepared mimicking a typical FW in selected European countries. Based on a series of batch experiments, a thermal pretreatment at 80 °C for 1.5 hours yielded the highest enhancement (52%), amounting to 647.5 ± 10.6 mlCH 4 /gVS. The enhanced biomethane production was enough to supply the required energy for the thermal pretreatment. Thermal pretreatment at a higher temperatures (>120 °C) and a longer time (> 4 hours) caused the formation of more complex substrates, melanoidins, which are difficult for anaerobes to digest. Pretreatment with a high dose of ozone (0.034 -0.202 gO 3 /gTS) resulted in a loss of fermentable sugars. Therefore, such aggressive pretreatment methods found out to be ineffective for the enhancement of AD treating FW. 
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EFFECTS OF THERMOPHILIC AND THERMAL PRETREATMENTS ON THE MESOPHILIC ANAEROBIC DIGESTION OF FOOD WASTE

Food waste (FW) represents a source of high potential renewable energy if properly treated with anaerobic digestion (AD). Pretreating the substrates could yield a higher biomethane production in a shorter time. In this study, the effects of thermal (heating the FW in a separate chamber) and thermophilic (heating the reactor containing both FW and inoculum) pretreatments at 50, 60, 70 and 80 °C prior to mesophilic AD were studied through a series of batch experiments. Thermophilic pretreatments at higher temperatures (>55°C) and longer operating times (>12 h) yielded a higher soluble chemical oxygen demand (CODs) but had also a negative effect on the methanogenic activity. The thermal pretreatments at the same conditions resulted in a lower solubilization of COD. However, pretreatments at a lower temperature (50 °C) and a shorter time (<12 h) had a positive effect on the AD process. The highest enhancement of the biomethane production with an increase by 44 -46% was achieved with a thermophilic pretreatment at 50 °C for 6-12 hours coupled to a thermal pretreatment at 80 °C for 1.5 hours. Based on the net energy calculations, the enhanced biomethane production is sufficient to heat up the FW for the thermal but not for the thermophilic pretreatment.

Introduction

Food waste (FW) is a mixture of organic materials derived from the processing, sorting, preparation, cooking and handling of food. On a global scale, the most common FW stabilization technology at present is still landfilling followed by biological, thermal and thermochemical conversation technologies. Landfills are strongly discouraged by legislations such as the EU Directive on Landfill (1999/31/EC) and the Waste Framework Directive (2008/98/EC), as it contributes to further environmental impacts including soil and groundwater pollution, greenhouse gas (GHG) emissions and utilization of huge land areas [1,2]. Due to the high moisture content and easily biodegradable characteristics of FW, biological treatments (anaerobic or aerobic) are preferred over thermal or thermochemical conversation technologies. Although aerobic treatment like composting provides a promising alternative to landfill disposal, anaerobic digestion (AD) is more favourable due to the following advantages: i) production of renewable energy; ii) less land and space required; iii) more controlled emissions of GHG and toxic gases such as ketones and aldehydes; iv) digestate can be used as soil conditioner or fertilizer; and v) pathogen proliferation is prevented [3,4,5,6,7].

The AD process is mainly operated at mesophilic (30 -40 °C) or thermophilic (45 -60 °C) conditions. Theoretically, thermophilic AD (TherAD) is preferred over mesophilic AD (MesAD), as recent studies have shown that: i) TherAD is kinetically favoured over MesAD, thus resulting in a shorter retention time and poses a higher possibility to increase the organic loading rate [8, 9, 10], ii) TherAD has a higher rate of organic matter degradation with a higher biomethane production [11 -13], iii) TherAD holds a better potential to inactivate pathogens, thus complying with the EU policy for elimination of pathogens as well as obtaining Class A biosolids according to the USEPA guidelines [12 -15].

Despite the mentioned advantages, TherAD also poses the operational disadvantages such as: (i) a relatively higher operating cost; (ii) more sophisticated structural facilities; (iii) a lower process stability; and (iv) a higher susceptibility to inhibition due to sudden environmental changes [13,16,17]. Such disadvantages are mostly due to the acceleration of the biochemical reaction rates of the hydrolysis and acidogenesis steps producing higher amounts Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste 58 of ammonia, propionate and long chain fatty acids (LCFA) that are known to cause inhibition of methanogenic activity [4,13,18]. Thus, in practice MesAD is preferred over TherAD for prolonged operations of AD of FW.

Coupling the advantages of TherAD with those of MesAD in the same digester could result in an enhanced process; although there has been limited study on this matter. Therefore, this research aims at investigating the effect of applying thermophilic/hyperthermophilic digestion for a shorter time to accelerate the AD process, and it was referred as thermophilic pretreatment (TPP) in this research. The results from TPP (a combination of biological and thermal pretreatment) were compared with conventional thermal pretreatment (TP), which heats the FW separately prior to MesAD.

A series of batch experiments on biomethane potential (BMP) were conducted using a synthetic FW as substrate. As both the improved hydrolysis and the pathogen inactivation are temperature and treatment time dependent [19], a first set of batch tests was carried out to identify the most favourable temperature range and treatment time of the TPP. The second series of BMP tests was conducted with the aim to compare the effects of TPP and TP when the operating condition (temperature and time) was set at the same range. Furthermore, Ariunbaatar et al. (2014a) reported that TP of FW at 80 ºC for 1.5 hours resulted in a 52% higher biomethane production [3]. This scenario was also tested and compared with the results from the second set of experiments. Based on these lab-scale experimental data, the energy requirement estimate for the scenarios with the highest biomethane production enhancement by TPP and TP was done to suggest the most preferable pretreatment method to produce biomethane from FW.

Materials and Methods

Batch experiment

BMP tests were conducted in 1L glass bottles at mesophilic (35 ± 2 ºC) conditions with a substrate to inoculum (S/I) ratio of 0.5 gVS/gVS, following the BMP protocol described by Esposito et al. (2012) [20]. Synthetic FW mimicking a typical European FW was prepared as described by Ariunbaatar et al. (2014a) and used as the substrate [3]. Various foods (fruits, vegetables, meat, rice, paste, and dairy products) were bought from the local supermarkets and blended together for homogenization. The synthetic FW slurry was prepared fresh for each set of experiments. Digestate from a full-scale anaerobic digester in Capaccio-Salerno (Italy) treating buffalo manure and dairy waste at mesophilic conditions was used as inoculum.

To perform the TPP, FW and inoculum were mixed in the BMP bottles, and then incubated at 50, 60, 70 and 80 ºC for 12, 24, 36 and 48 hours. After each TPP, the temperature of the incubator was reduced to mesophilic (35 ± 2 ºC) conditions. As for the TP, only FW was put inside the BMP bottles and directly placed in the oven at the selected temperatures for the desired time, which was identified during the first set of experiments. The inoculum was added in the bottles after the TP and incubated at the mesophilic condition. Each test was carried out in duplicate and prior to incubation the BMP bottles were flushed with nitrogen to provide anaerobic conditions. The daily biomethane production was measured with the liquid displacement method using a sodium hydroxide (120 gNaOH/L) to capture carbon dioxide [20]. Cumulative biomethane production (CBP) was normalized to standard temperature and pressure.
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Analytical methods

Soluble chemical oxygen demand (CODs) was analyzed with HACH test kits following the manufacturer's instructions (HACH, Loveland, Colorado, USA). Total lipids were extracted with a mixture of chloroform and methanol (50% v/v). The extracted solution was put in aluminum caps and dried at room temperature in the laminar flow hood until constant weight.

The leftover weight was used to calculate the lipids content [21]. Total carbohydrates were determined with the phenol-sulfuric method and measured with a spectrophotometer (TUV SR03210002) using glucose as standard solution [22]. Total solids (TS), volatile solids (VS) and total Kjeldahl nitrogen (TKN) were analyzed according to standard methods [23]. Total protein content was calculated based on TKN using a correction coefficient of 6.25, as suggested by CODEX Guidelines 2003 [22].

Energy balance

The energy balance was calculated only for the pretreatment application. The energy considerations related to the MesAD operation and the capital cost for the pretreatments were neglected in this study, because the main purpose of the study is to compare the efficiency of the pretreatment methods in terms of enhancing the biomethane production from FW. The energy balance was estimated based on the differences of the total energy requirements for the pretreatment of 1 ton FW, and the extra energy produced (E EXTRA ) due to the enhanced biomethane production. E EXTRA and the energy requirement for thermal pretreatment (E TP ) were calculated as described in details by Ariunbaatar et al. (2014a) [3]. The implicit ambient temperature and the initial temperature of the FW were considered as 10 ºC. The insulation material for both the digester and the pretreatment chamber for TP were assumed as polyurethane, as the thermal conductivity of it is less (0.022 W/m-K). The energy requirement for TPP (E TPP ) was estimated for the whole digester. Considering the substrate to inoculum ratio of 0.5gVS/gVS the digester volume was calculated as 31 m 3 , which contains 1 ton of FW. Since TPP is conducted in the same digester, the initial temperature was assumed to be equal to the digester operating temperature (35 ± 2 ºC).

Results

Characterization of substrate and inoculum

The physical and chemical properties of both the synthetic FW and the inoculum are shown in Table 4.1. Synthetic FW contains mostly carbohydrates (71.5 ± 0.5 % VS) and a considerable amount of lipids (10.6 ± 0.3 % VS) and proteins (17.2 ± 0.8 % VS), whereas the inoculum contains a higher amount of proteins (56.5 ± 2.5 % VS) and lipids (40.7 ± 3.7 % VS) than carbohydrates (3.1 ± 0.5 % VS). These characterization results suggest that the FW is a suitable substrate for AD [4,9] and the VS in the inoculum mainly contained microbial biomass [3].

Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste 60 4.1A). FW pretreated at 60 °C produced a higher amount of biomethane as compared to the control during the TPP, but the biomethane production decreased instantly as soon as the temperature was changed to mesophilic conditions (Figure 4.1B). At the end of the BMP test, the CBP of FW pretreated at 60 °C for 12, 24, 36 hours was higher by 28.0 ± 1.6, 16.2 ± 0.9, 1.9 ± 0.6% respectively, while pretreatment for 48 hours resulted in 16.9 ± 2.8% lower CBP as compared to the control. Pretreatment at 70 °C yielded a lower biomethane production than the control for any length of the pretreatment time investigated (Figure 4.1C), while 80 °C pretreatment resulted in no biomethane production at all.

The highest biomethane production rates of the FW pretreated with TPP were achieved with 12 hours pretreatment at all temperatures tested. Figure 4.1 also shows that most of the organics (85 -95%) are converted into biomethane during the initial 20 days of biomethanation, which is also considered as the typical hydraulic retention time (HRT) for AD [3]. Hence, the net specific biomethane productions (SBP) of the control and all 12 hours TPP scenarios were calculated using the data obtained during the initial 20 days (Figure 4.2). Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste
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The SBP of the control was 407.4 (± 7.8) mlCH 4 /gVSadded, and was enhanced by 41.1 (± 4.7)% with a TPP at 50 °C, while a TPP at higher temperatures (60 and 70 °C) resulted in a decrease of SBP (Fig. 2). As the decrease of SBP at 60 °C pretreatment is negligible (2%), the preferable experimental condition for TPP was chosen as 50 -60 °C for 12 hours. Since the main purpose of TPP is not only to enhance the hydrolysis through enzymatic and thermal processes [24], but also to eliminate the pathogens, a minimum of 12 hours of TPP was desirable. A TPP time lower than 12 hours could inactivate the pathogens initially but may not permanently eliminate them [25,26]. However, the possibility to enhance MesAD while saving energy by reducing the pretreatment time until 6 hours at the preferred temperature range was also investigated during the second series of experiments. The highest enhancement (46.39 ± 8.70%) of the SBP was obtained with a TP at 80 °C for 1.5 hours. It agrees with the results obtained by Ariunbaatar et al. (2014a) [3]. Figure 4.4 also illustrates that the highest SBP enhancement of 44 -46% was obtained with a TPP at 50 °C for 6 and 12 hours; but the same condition with TP resulted in a lower (12 -39%) enhancement of the SBP. Both TPP and TP at 55 °C yielded a higher SBP than the control, but lower than those conducted at 50 °C. When the effects of pretreatment times are compared, a negligible difference can be seen between 6 and 12 hours. It can also be observed that the enhancement of SBP with TPP is higher than those with TP at both 50 and 55 °C, which suggests that TPP performs better than TP. However, at a temperature higher than 60 °C the pretreated FW with TP had a higher SBP than the control, while TPP had a negative effect on the biomethane production. 

Effects of pretreatment methods

This study showed that the advantages of a faster hydrolysis of TherAD and a stable operation of MesAD can be achieved in the same digester (Figure 4.2, Figure 4.4). Compared to the sophisticated two-stage AD system, the temperature-phased anaerobic digestion (TPAD), TPP followed by MesAD prevents the possible reduction of the symbiotic activities between anaerobic microbes (hydrolytic/acidogenic and methanogenic) and thus this system preferred over TPAD [27,28,29].

The temperature and treatment time of TPP play an important role for the enhancement/inhibition of MesAD. It had a positive effect on the MesAD (Figure 4.1A, Figure 4.3A and Figure 4.3B) both during the pretreatment and the MesAD stage only at 50 -55 ºC. This can be attributed to the increased solubilisation of organic solids as compared to the control test (Figure 4.5A), making the substrates more available for the anaerobes.

TPP could have caused a shock in the system, which enhanced the activities and the survival skills of the microbial community. The heating of the reactor could also result in a deactivation of possible competitors to the specific anaerobes for the digestion of FW. Therefore, the enhancement of MesAD process could be due to the improved stronger microbial community. Such improved microbial community was also obtained with a focused pulse shock pretreatment by [START_REF] Zhang | Focused-pulsed sludge pretreatment increases the bacterial diversity and relative abundance of acetoclastic methanogens in a full-scale anaerobic digester[END_REF] [7], and with a repeated pulse feeding at mesophilic conditions by Vrieze et al. (2013) [30]. [START_REF] Chen | Adaptation of mesophilic anaerobic sewage fermenter population to thermophilic temperatures[END_REF] suggested that 9% of the microbial population in a mesophilic inoculum consists of facultative thermophiles. Hence the increased solubilization of COD (Figure 4.5) could also be due to their activation [31]. During TPP at 60 °C the methanogenic activities were higher than the control, but reduced as soon as the temperature was decreased, which agrees with the results obtained by Chachkhiani et al. (2004) [32], who showed that thermophiles adapt to MesAD more hardly than mesophiles to TherAD.

At an 80 ºC, the anaerobic microbial activity was completely ceased (Figure 4.2), suggesting that no indigenous obligate thermophilic methanogens were present in the inoculum [11]. Also the high concentration of CODs in the digestate at the end of BMP tests (Figure 4.5A) suggests that the decreased methanogenic activity was probably due to the imbalance between the acidogens and methanogens [17,24,33].

When a conventional TP was applied at the same conditions as the TPP, all scenarios but at 50 ºC yielded a lower SBP as compared to the TPP (Figure 4.4). As suggested by Ariunbaatar et al. (2014a), intensive TP with longer pretreatment time at higher temperatures resulted in a loss of easily fermentable sugars (Figure 4.5A) [3]. However, at lower temperatures (50 and 55 ºC), the CODs concentration was similar to the TPP (Figure 4.5A), whereas SBP was higher than the control but lower than the TPP (Figure 4.4). This result can be attributed to the increased microbial activity after the TPP.

Energy efficiency

Table 4.2 shows that the extra energy produced by applying the pretreatment methods ranges between 219 -229 kWh/tonFW. The energy requirement for TPP (ETPP) is much higher than TP (ETP), and thus a TP is more favourable than a TPP in terms of energy efficiency.

Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste

Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste 67 ETPP was calculated for the whole digester (31 m3) containing 1 ton of FW, whereas ETP was estimated for a separate pretreatment chamber containing 1 ton of FW. Also the highenergy requirement for TPP is due to the high water content in the digester. The main energy requirement (> 98%) for TPP was the energy to heat up the digester, and a very low amount of heat is lost. Hence, if such a TPP is applied for a MesAD with higher solids content, the extra energy produced could be enough to make the process self-sufficient, assuming the enhancement of the biomethanation process would be high as well. As there is limited research on the TPP of FW, the total energy requirement was calculated per ton of wet biowaste. The total energy requirement was 20.4 -20.6 kWh, which is less than the results (29 -31 kWh/wet ton of sewage sludge) of Ziemba and Paccia (2011) [15]. The relatively lower energy requirement could be due to the different experimental conditions of the pretreatment. 

Conclusions

The net specific biomethane production of synthetic food waste (FW) was 413.90 (± 4.87) mlCH 4 /gVS added, which represents a high potential of renewable energy from this type of waste. The possibility to enhance the AD of FW at mesophilic conditions by applying a thermophilic or thermal pretreatment was studied through a series of batch experiments. The highest enhancement of the biomethane production (higher than 40%) was obtained with a thermophilic pretreatment at 50 °C for 6 -12 h or thermal pretreatment at 80 °C for 1.5 h. The main effect of these pretreatments was a higher solubilisation of COD. Although thermophilic pretreatment could improve the microbial community, the extra energy produced by the enhanced process is insufficient to heat up the reactor to the desired temperature. Despite the capital cost of the separate chamber, the thermal pretreatment heating up only the FW is more energy efficiency than heating up the complete digester Trace element requirements for the anaerobic digestion of food waste Trace element requirements for the anaerobic digestion of food waste

TRACE ELEMENT REQUIREMENTS FOR THE ANAEROBIC DIGESTION OF FOOD

WASTE

This chapter discusses the possibility to enhance the anaerobic digestion (AD) of food waste (FW) by supplementing trace elements (Fe, Co, Ni, Zn, Mn, Cu, Se, and Mo) individually as well as in cocktails. A series of simultaneous batch experiments on biomethane potential of synthetic FW were conducted in Europe and USA, using the same inoculum. Regardless of the FW source, Se (VI) resulted in the highest (30 -35%) increase of biomethane production at a concentration range of 25-50 µg/L. Moreover, supplementing Fe (II) enhanced the biomethane production of European FW by 39%, but it had no effect on the FW in USA.

Introduction

Anaerobic digestion (AD) of organic solid waste has become one of the most important research fields, as it couples the waste stabilization and energy production [1,2]. Food waste (FW) contains easily biodegradable volatile solids (VS) and a high content of water, thus it serves as a perfect substrate for AD. Nevertheless, previous studies have shown that regardless of the FW and inoculum origins, a prolonged operation of AD, even at a low organic loading rate, could suffer from instability due to the increased inhibition of ammonia, sulphide, and/or volatile fatty acids [3,4,5]. Such instability is often linked with the lack of micronutrients or the trace elements (TEs), [3,4,5,6]. Hence, the effects of TEs have been studied extensively to recover from a digester failure [5]. Supplementing TEs does not only prevent and/or recover from an inhibition; it could also enhance the AD process and yield a higher production of biomethane.

To understand the roles of TEs in the biochemical reaction of the anaerobic food web has always been the core of the research on TEs. It is well known that in anaerobic processes TEs generally act as: 1) micronutrients for various enzymatic reactions as the co-factors; 2) biomass stimulant beyond the enzymatic requirements e.g. acetoclastic activities of methanogens, 3) agents binding nutrients such as phosphates and carriers; 4) inhibitors to sulphide toxicity through metal precipitation and/or agglomeration; 5) toxicants to the microbial biomass at higher concentrations [7,8]. These various effects of the TEs depend on the environmental conditions, the background concentrations, bioavailability and the microbial uptake of them. Bioavailability of elements is often correlated with the speciation of the TEs, which is the distribution of an element amongst the defined chemical species in a system.

Therefore, various concentrations of different TEs were studied for the AD of FW. For instance, Zhang and Jahng (2012) used supplements of trace metals (Fe, Co, Mo and Ni) to stabilize a single-stage reactor treating FW, and concluded that Fe was the most effective metal for a stable AD of FW [1]. Similarly, de Vrieze et al. ( 2013) obtained a higher methane production from co-digestion of FW with an iron-rich activated sludge [7]. [START_REF] Banks | Anaerobic digestion of sourcesegregated domestic food waste: Performance assessment by mass and energy balance[END_REF] found out that adding Se and Co could recover a FW digester suffering from a propionic acid accumulation due to elevated ammonium concentration [3]. Facchin et al. ( 2013) achieved a 45-65% higher methane production yield from FW with supplementation of TEs (Co, Mo, Ni, Se, and W) cocktail, and stressed the importance of Se and Mo [6]. Nevertheless, none of the studies carried out a systematic experiment on the trace element benchmark concentrations for an enhancement or an inhibition.

This research aims at investigating the concentration range of the TEs for an inhibition or enhancement. A series of batch experiments on the biomethane potential of a synthetic FW adding various concentrations of TEs was conducted. The next set of experiment was carried out to determine the effects of the TEs individually as well as in a group. Moreover, it is well known and accepted that sulphide inhibition mostly acts in three ways: 1) enzyme formation; 2) inactive protein formation; and 3) forming a metal complexation leading to metal deficiency in the system [9,10]. Hence, to understand the role of TE in anaerobic systems, an experiment on hydrogen sulphide inhibition experiment was also conducted.

Materials and methods

Substrate and inoculum

A simultaneous research were conducted in EU and USA, thus to reduce experimental bias due to the different compositions of collected FW, the substrate used for this research was synthetically generated according to Ariunbaatar et al. ( 2014), [11,12]. The food was bought from a local supermarket Albert Heijn in EU, and Walmart in USA.

A digestate from a full-scale AD plant located in Capaccio-Salerno (Italy) was used as inoculum. The plant treats the buffalo dung together with the milk whey and sewage sludge generated from the mozzarella producing industry.

Biomethane potential test

Biomethane potential test of FW was conducted in serum bottles as described by Ariunbaatar et al. ( 2014) [11]. The substrate to inoculum ratio was 0.5gVS/gVS. Prior to incubation, all bottles were flushed with nitrogen (or helium) gas to ensure anaerobic environment. To maintain the initial total alkalinity (4 gCaCO 3 /L) of the inoculum sodium bicarbonate (NaHCO 3 ) was added. The daily biomethane production was measured with liquid displacement method using sodium hydroxide. The first set of experiments was carried out to identify the concentration ranges for inhibition and/or enhancement of the AD process by adding a cocktail solution of TEs, whereas the second set focused on the effects of the individual and different groups of TEs in the enhancing concentration range.

A stock solution of each TEs (NiCl Different concentrations of sodium sulphide (Na 2 S) was added to perform the batch experiment on the hydrogen sulphide inhibition (H 2 S) of BMP of FW. The concentrations of (H 2 S) corresponded to 50, 75, 150, 250 and 500 mg/L.

Analytical Methods

Total solids (TS) and volatile solids (VS) were conducted according to the standard methods [13], and the ashes were preserved with 1% nitric acid. The TE speciation test was not able to be conducted during this research, thus the total concentrations of the TEs were analyzed in the preserved ash samples with ICP-MS. The minimum detection limit for the method was 2 µg/L, and the final values were converted to µg/gTS for comparison with literature. The volatile fatty acids (VFA) samples were analysed with gas chromatography (GC) equipped with Nukol Supelco FID column, using helium as a carrier gas.

Results

Characterization of substrate and inoculum

FW and inoculum has TS of 241.0 ± 4.4 and 24.6 ± 0. 5 g/L, and VS of 219.5 ± 0.10 and 15.0 ± 0. 4 g/L, respectively. Table 5.1 shows the concentrations of the TEs in the inoculum and the FW. It is interesting to note that the FW in US had a much higher concentration of all TEs, except for manganese (Mn). Selenium (Se) was not detected, and tungsten (W) was not analyzed in the European FW. [3,6,11,12]. Adding TE cocktail solution of 5 -500 µg/L to the BMP bottles yielded an enhancement of the AD process, while higher concentration resulted in an inhibition of the process. 
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FW and inoculum has TS of 241.0 ± 4.4 and 24.6 ± 0. 5 g/L, and VS of 219.5 ± 0.10 and 15.0 ± 0. 4 g/L, respectively. The TE speciation test was not able to be conducted during this research, thus the total concentrations of the TEs were analyzed. Table 5.1 shows the concentrations of the TEs in the inoculum and the FW. It is interesting to note that the FW in US had a much higher concentration of all TEs, except for manganese (Mn). Selenium (Se) was not detected, and tungsten (W) was not analyzed in the European FW. [3,6,11,12]. Adding TE cocktail solution of 5 -500 µg/L to the BMP bottles yielded an enhancement of the AD process, while higher concentration resulted in an inhibition of the process. From this result, it can be seen that Co, Ni, Fe, and Zn had more positive effect than Mn and Cu, thus the individual effects of these four TE were tested. Figure 5.3A shows the cumulative biomethane production curves of the bottles with Fe, Zn, Ni, and Co addition of 50 µg/L, where all of them yielded higher biomethane than the control. Figure 5.3B shows the remarkable increase of SBP by 39.22 ± 0.55% was achieved with iron addition, making it the most important Me (II) in AD of FW. This is a good agreement with de Vrieze et al. ( 2013) and Zhang and Jahng (2012) [1,7]. Also it is worth mentioning that almost same trend and SBP was obtained with Co and Ni addition. This implies the effect of both Ni and Co on the methanogens are the same, and their roles in AD food web could be attributed to the cofactor Methyl-CoM-reductase, as suggested by previous research [7,8,9,14,15].
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Another set of experiment on Me (VI) was carried out with Se and Mo cocktail and individual Se (Figure 5.4). Adding only Se to the bottles yielded 34.10 ± 5.62% higher SBP (Figure 5.4B), which is even higher than the enhancement by Co and Ni. This result agrees with [START_REF] Banks | Anaerobic digestion of sourcesegregated domestic food waste: Performance assessment by mass and energy balance[END_REF] and Facchin et al. (2013) [6]. However, the Se and Mo cocktail had a very little effect on the AD of FW, the enhancement of 9.50 ± 1.28% is mostly due to the Se, and hence Mo was neglected. The results with Mo are on the contrast with Facchin et al. ( 2013) [6], though it could be justified by the background concentration of the FW and inoculums used. The same experiments were conducted with the FW in USA. The net SBP of the FW was 412.48 ± 12.02 mlCH 4 /gVS added , which is in line with the experiments in EU as well as the published research. However, supplementation of TEs did not result in any enhancement of the biomethane production. Only the case of Se (VI) addition of 10 -20 µg/L (making the total Se concentration in the solution 25 -50 µg/L) yielded 30.06 ± 2.38% increase of biomethane methane. This result was attributed to the background concentration of the TEs in the FW in USA, which were much higher than the concentrations of European FW (Table 5.1). Se (VI) and Fe (II) supplementation resulted in the highest enhancement of the biomethane production (Figure 5.3 and 5.4). The VFA concentrations of these samples were analysed. Figure 5.5 shows that the samples with the TE supplementation had much lower acetic, propionic, iso-butyric and valeric acids concentrations. It suggests that the supplementation of TEs enhanced the activities of the methanogens, thus resulted in a higher biomethane production, which agrees with the previous results [7].

Trace element requirements for the anaerobic digestion of food waste

Another set of experiment on Me (VI) was carried out with Se and Mo cocktail and individual Se (Figure 5.4). Adding only Se to the bottles yielded 34.10 ± 5.62% higher SBP (Figure 5.4B), which is even higher than the enhancement by Co and Ni. This result agrees with [START_REF] Banks | Anaerobic digestion of sourcesegregated domestic food waste: Performance assessment by mass and energy balance[END_REF] and Facchin et al. (2013) [6]. However, the Se and Mo cocktail had a very little effect on the AD of FW, the enhancement of 9.50 ± 1.28% is mostly due to the Se, and hence Mo was neglected. The results with Mo are on the contrast with Facchin et al. ( 2013) [6], though it could be justified by the background concentration of the FW and inoculums used. The same experiments were conducted with the FW in USA. The net SBP of the FW was 412.48 ± 12.02 mlCH 4 /gVS added , which is in line with the experiments in EU as well as the published research. However, supplementation of TEs did not result in any enhancement of the biomethane production. Only the case of Se (VI) addition of 10 -20 µg/L (making the total Se concentration in the solution 25 -50 µg/L) yielded 30.06 ± 2.38% increase of biomethane methane. This result was attributed to the background concentration of the TEs in the FW in USA, which were much higher than the concentrations of European FW (Table 5.1). Se (VI) and Fe (II) supplementation resulted in the highest enhancement of the biomethane production (Figure 5.3 and 5.4). The VFA concentrations of these samples were analysed. Figure 5.5 shows that the samples with the TE supplementation had much lower acetic, propionic, iso-butyric and valeric acids concentrations. It suggests that the supplementation of TEs enhanced the activities of the methanogens, thus resulted in a higher biomethane production, which agrees with the previous results [7]. 

Hydrogen sulphide inhibition

It can be seen from Fig. 5.5 that sulphide inhibition on the AD of FW starts around 50 mg/L, resulting in 5.13 ± 2.76 % SBP. Based on the SBP results with respect to the hydrogen sulphide concentrations, the IC 50 was calculated as 215mg/L, which is in the range of reported values of 125 -250 mg/L [16,17]. Although the hydrogen sulphide concentration in all the tested scenarios with TE as well as the control had less than 15 mg/L in the system throughout the experiment, which implies that there was no hydrogen sulphide inhibition in AD of FW.

Hence, the enhancement of SBP by addition of TE must be only related to the enzymatic, biomass stimulating effect or nutrient binding levels. Further experiments on the intermediate products such as volatile organic acids should be analysed to get the full picture of the effect of TEs on the biochemical reaction of the AD food web. 

Conclusions

The supplementation of trace elements increased the biomethane potential of FW. The most effective elements were Fe with an increase of 39.22 ± 0.55% of biomethane production, followed by Se (34.10 ± 5.62%), Ni (26.38 ± 0.24%) and Co (23.83 ± 0.24%) for the anaerobic digestion of FW in Europe. The same experiments did not result in an increased biomethane production of FW in US, as the background concentrations of the trace elements in the FW were much higher. Although for both EU and US FW supplementing 25 -50 µg/L Se (VI) resulted in 30 -35% increase of biomethane production. Sulphide inhibition was not observed, and hence the enhancing effect of trace elements should be at the enzymatic or biomass stimulating level. A further study on the TEs speciation, bioavailability and the exact biochemical pathways are highly encouraged. Trace element requirements for the anaerobic digestion of food waste
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BIOAUGMENTATION OF ANAEROBIC DIGESTION OF FOOD WASTE USING ZOO ANIMALS' DUNG

This chapter discusses the bioaugmentation effect of zoo animals' dung on the anaerobic digestion of food waste. An anaerobic sludge (AS) from wastewater treatment plant was used as the main methanogenic inoculum. The effects of giraffe, llama, koala, sloth bear and tiger dungs were investigated in different ratios. Based on the results of all the tested scenarios 70% AS and 30% giraffe dung yielded the highest biomethane production with an increase of 11.24 ± 4.51% than the control (e.g. AS), due to a higher solubilisation of proteins (6.96 ± 2.76%) and recalcitrant carbohydrates (344.85 ± 54.31 mg/L as compared to zero).

Introduction

Food waste (FW) disposal has become one of the major societal problems as a larger volume of it is being produced by increasingly affluent societies. FW generation rate in low to middle income countries is 0.35 kg/day.capita, whereas in high-income countries the rate is 0.6 kg/day.capita [1]. There are increasing efforts across the U.S. and Europe to treat FW through anaerobic digestion (AD), as it offers energy and nutrients recovery with limited environmental impacts [2,3].

AD is a microbial process that converts complex substrates into biogas and digestate through four main steps, namely hydrolysis, acidogenesis, acetogenesis and methanogenesis. Is it well documented that for a complex substrates, the rate-limiting step is the hydrolysis step, whereas methanogenesis is the rate-limiting step for easily biodegradable substrates [4,5]. FW contains both easily fermentable and refractory complex organics. Hence, a successful operation of AD of FW is often challenging especially for a high-rate treatment. To accelerate the solubilisation step, research mainly focused on pretreatment methods of both inoculum and substrate and bioreactor configurations. However, intensive pretreatments result in a loss of easily fermentable sugars, which might lead to a lower biomethane production [4,5].

Another approach that is yet to be explored is the bioaugmentation, the process of adding selected strains/mixed cultures to reactors to improve the catabolism of specific compounds, e.g. refractory organics, or overall chemical oxygen demand (COD) [6,7]. It is believed that various animals should contain the specific microbes to breakdown the complex organics based on the diets of the animals. Carnivores have more microbes that degrades proteins and lipids, while herbivores should have more microbes that will breakdown recalcitrant carbohydrates. Based on such hypotheses Fangkum and Reungsang (2011) used elephant dung as inoculum to produce biohydrogen from sugarcane bagasse [8], whereas Fan et al. (2008) used panda manure to treat corn stalk [9].

Bioaugmentation of AD by adding different animal dung should improve the solubilisation of the complex organic substrates, without the loss of the easily fermentable sugar. To the best of our knowledge, using zoo animals' dung to enhance the AD of FW has not been studied. Therefore, this study investigated the effects of various animals' dung on the AD of FW. Different zoo animals including carnivores (tiger), herbivores (giraffe, llama and koala) and omnivores (sloth bear) were selected. Batch experiments on the biomethane potential of FW were conducted using the dungs of the selected animals as inoculums, and compared it with the commonly used cow dung. Based on the results of the first batch experiments, three of the dungs with the highest potential were chosen for the bioaugmentation of anaerobic sludge (AS).

Materials and Methods

Substrate and inoculum

A synthetic FW was used as substrate. The FW was prepared according to Ariunbaatar et al.

(2014) [5,10]. The substrates used for the FW were bought from a local store in Tampa.

AS from the Howard F. Curren Wastewater Treatment Plant in Tampa, Florida, USA was used as the main methanogenic inoculum (e.g. the control). Six different dungs were used as inoculums for the bioaugmentation experiments. Koala, sloth bear, giraffe, tiger, and llama dung were collected from the Lowry Park Zoo in Tampa, whereas cow dung was collected from a local farm also in Tampa, Florida. Table 6.1 shows the diets of the zoo animals. The unwanted matters (e.g. undigested food, grass and additional dirt) were removed mechanically and blended with additional water for homogenization. The anaerobic sludge as well the dung were all sieved through mesh no.20 to remove any an wanted debris or particles. 

Batch experiments on biomethane potential

Batch experiments on biomethane potential (BMP) were conducted in serum bottles at mesophilic (35 ± 2 °C) condition with no mixing according to Anglelidaki (2009) [11]. Each batch experiment was conducted in duplicates, and all the bottles were placed in Fisher ISOTEMP incubator 200 series model 230D. The substrate to inoculum ratio was 0.5gVS/gVS. Prior to incubation, all bottles were flushed with helium gas to ensure anaerobic environment. Sodium bicarbonate was added to provide sufficient alkalinity throughout the experiment. The amount of NaHCO 3 (3.6 -7.6 gNaHCO 3 /L) depended on the initial alkalinity of the dungs, as all the BMP bottles were subjected to the same alkalinity levels. Biomethane was measured every day by a liquid displacement method (Figure 6.1) using sodium hydroxide (120 g/L) as liquid to capture carbon dioxide.

The first set of experiment was conducted on the BMP of FW using six different dungs (cow, tiger, llama, giraffe, koala, sloth bear). Next set of batch experiments was carried out to investigate the bioaugmentation effect of the selected dungs on the anaerobic sludge. Different ratios were tested and compared with the control (e.g. anaerobic sludge) and the 100% dung.

Results and Discussions

Characteristics of the inoculums and substrate

The pH, total alkalinity, TS and VS of the control AS were 7.5 ± 0.2, 4389.7 ± 10.7 mgCaCO 3 /L, 18.7 ± 2.4, 13.1 ± 0.1 g/L. All the dungs were diluted with tap water to have the same VS content. The pHs of the dungs were in a neutral range of 6.5 -7.8, except for the sloth bear (5.6 ± 0.4). The tiger dung had the highest alkalinity of 3100 ± 15.1 mgCaCO 3 /L followed by the giraffe dung (1985.6 ± 15.4 mgCaCO 3 /L), llama (963.6 ± 12.8 mgCaCO 3 /L), cow (694.4 ± 12.8 mgCaCO 3 /L) and sloth bear (603 ± 47.8 mgCaCO 3 /L). TS of the synthetic FW was in the range of 238.6 -266.6 mg/kg, and >95% were volatile solids

Biomethane potential test

BMP tests lasted for approximately 12 days. Figure 6.2 shows the net specific biomethane production (SBP) of FW using the six different dungs. The highest biomethane production of 156.05 ± 11.25 mlCH 4 /gVS added was achieved with giraffe dung, followed by sloth bear dung (128.25 ± 22.50 mlCH 4 /gVS added ) and koala dung (121.74 ± 0.24 mlCH 4 /gVS added ). The tiger dung initially expected to have higher recovery of biomethane from FW, however it resulted in relatively lower result of 89.20 ± 2.73 mlCH 4 /gVS added . The lower biomethane production of tiger dung was attributed to total ammoniacal nitrogen (TAN) toxicity of the slow growing methanogens, which was approximately 300 -350 mg/L higher than the control. Based on the first set of experiment, giraffe, koala and sloth bear dungs were selected. As it can be seen from Figure 6.2 that the SBP of FW is much lower than reported values [2,7,11]. This is probably due to the slow growing methanogens. Hence, the selected dungs were incubated for 2 weeks prior to the next set of experiment. The control sludge was mixed with the pre-digested dungs in ratio of 9:1, 7:3 and 5:5 respectively. 

Characteristics of the inoculums and substrate

The pH, total alkalinity, TS and VS of the control AS were 7.5 ± 0.2, 4389.7 ± 10.7 mgCaCO 3 /L, 18.7 ± 2.4, 13.1 ± 0.1 g/L. All the dungs were diluted with tap water to have the same VS content. The pHs of the dungs were in a neutral range of 6.5 -7.8, except for the sloth bear (5.6 ± 0.4). The tiger dung had the highest alkalinity of 3100 ± 15.1 mgCaCO 3 /L followed by the giraffe dung (1985.6 ± 15.4 mgCaCO 3 /L), llama (963.6 ± 12.8 mgCaCO 3 /L), cow (694.4 ± 12.8 mgCaCO 3 /L) and sloth bear (603 ± 47.8 mgCaCO 3 /L). TS of the synthetic FW was in the range of 238.6 -266.6 mg/kg, and >95% were volatile solids

Biomethane potential test

BMP tests lasted for approximately 12 days. Figure 6.2 shows the net specific biomethane production (SBP) of FW using the six different dungs. The highest biomethane production of 156.05 ± 11.25 mlCH 4 /gVS added was achieved with giraffe dung, followed by sloth bear dung (128.25 ± 22.50 mlCH 4 /gVS added ) and koala dung (121.74 ± 0.24 mlCH 4 /gVS added ). The tiger dung initially expected to have higher recovery of biomethane from FW, however it resulted in relatively lower result of 89.20 ± 2.73 mlCH 4 /gVS added . The lower biomethane production of tiger dung was attributed to total ammoniacal nitrogen (TAN) toxicity of the slow growing methanogens, which was approximately 300 -350 mg/L higher than the control. Figure 6.2: Effect of different dung sources on the net SBP of FW Based on the first set of experiment, giraffe, koala and sloth bear dungs were selected. As it can be seen from Figure 6.2 that the SBP of FW is much lower than reported values [2,7,11]. This is probably due to the slow growing methanogens. Hence, the selected dungs were incubated for 2 weeks prior to the next set of experiment. The control sludge was mixed with the pre-digested dungs in ratio of 9:1, 7:3 and 5:5 respectively. Figure 6.3 shows the net SBP of the control (e.g. FW with anaerobic sludge) was 507.34 ± 24.36 mlCH 4 /gVS added . Pre-digested giraffe dung addition of 10, 30 and 50% resulted in 5.25 ± 4.45, 11.31 ± 6.11 and 4.88 ± 1.08% higher biomethane production. Using 100% giraffe dung also performed 7.81 ± 2.94% higher than the control. Mixture of Sloth bear dung by 30% resulted in 10.18 ± 3.23% higher SBP, while all the other mixes including the pure sloth bear dung yielded much lower SBP than the control. Although adding koala dung did not result in increase of BMP, the highest enhancement of 1.37 ± 0.56% higher SBP was with 30% addition. Bioaugmentation of anaerobic digestion of food waste using zoo animals'dung Figure 6.3 shows the net SBP of FW, and the control (e.g. FW with anaerobic sludge) was 507.34 ± 24.36 mlCH 4 /gVS added . Pre-digested giraffe dung addition of 10, 30 and 50% resulted in 5.25 ± 4.45, 11.31 ± 6.11 and 4.88 ± 1.08% higher biomethane. Using 100% giraffe dung also performed 7.81 ± 2.94% higher than the control. Sloth bear dung only 30% addition resulted in 10.18 ± 3.23% higher SBP, while all the other mix including the pure sloth bear dung yielded much lower SBP than the control. Although adding koala dung did not result in increase of BMP, the highest enhancement of 1.37 ± 0.56% higher SBP was with 30% addition. Bioaugmentation of anaerobic digestion of food waste using zoo animals'dung

Bioaugmentation mechanisms

.4 shows the cumulative biomethane curves of the selected samples, which all lasted for 25 days of incubation. Most of the biomethanation profiles have similar trends as the control sludge, which exhibits a typical biomethanation curve of a substrate rich in easily fermentable carbohydrates [5]. However, 100% giraffe 30% giraffe curves have a sudden increase on day 15 (Figure 6.4A). Figure 6.4B and Figure 6.4C shows 30% sloth bear as well as 30% koala produced less biomethane than the control during the initial 12 and 17 days, respectively, but started producing more than control afterwards. Bioaugmentation of anaerobic digestion of food waste using zoo animals'dung 78
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Another unusual curve are the 100% sloth bear and 100% koala, which produced significantly lower biomethane as compared to the other dung mixtures and the control (Figure 6.3B and Figure 6.3C). This data also matches the CODs profile where the 100% sloth bear and koala had an increasing concentration of CODs, and it was not utilized during the biomethanation like the other assays shown in Figure 6.5. It indicates lack of methanogens and/or imbalance of microbial community in the anaerobic systems. Figure 6.5: Profile of CODs Figure 6.6 illustrates the soluble carbohydrate profiles of the chosen samples. It is interesting to note that the control as well as the 30% koala had the lowest (173.71 ± 91.91 mg/L and 36.87 ± 2.98 mg/L, respectively) on day 10 and soluble carbohydrates were not detected after that, whereas the other samples had generally decreasing trend until the day 10. This explains the exponential growth phase, and after the readily available carbohydrates were all consumed the anaerobic microbes hunt for other substrates. On day 15 several samples including 30% giraffe, 100% giraffe, 100% koala and 30% sloth bear had an extreme increase (3-10 folds) in the soluble carbohydrates concentration (Figure 6.6), indicating a degradation of a complex carbohydrates into simple sugars. All the readily available sugars were consumed, and when recalcitrant carbohydrates were released as fermentable the sudden increase in the biomethane production on day 15 with assay with 100% and 30% giraffe were observed. At the end of the experiment (day 25) soluble carbohydrates were detected only in the samples of the 100% koala, sloth bear and giraffe. The control and the samples with 30% dungs had a very similar trend of protein profile throughout the experiment. The soluble protein concentrations did not change much for these samples and stayed below 600 mgBSA/L (Figure 6.7). However, the 100% dungs exhibit a different profile, but similar with each other. The soluble protein concentration of 100% sloth bear was in the range of 1273 -1631 mgBSA/L until the day 20, but in the end of the experiment (day 25) the concentration dropped to 506.85 ± 105.06 mgBSA/L (Fig. 6.6), which also explains the decrease of the CODs of the same sample (Figure 6.6). The soluble protein and carbohydrate concentration of 100% sloth bear and koala were all high, though very low biomethane was recovered with these inoculums (Figure 6.4B and Figure 6.4C). On the contrary giraffe dung had higher recovery of biomethane from FW, probably due to its potential to degrade more carbohydrates (Figure 6.6) as well as proteins (Figure 6.7). Moreover, giraffes are ruminants and thus its dung provides a better hospitable environment for the methanogens. The control and the samples with 30% dungs had a very similar trend of protein profile throughout the experiment. The soluble protein concentrations did not change much for these samples and stayed below 600 mgBSA/L (Figure 6.7). However, the 100% dungs exhibit a different profile, but similar with each other. The soluble protein concentration of 100% sloth bear was in the range of 1273 -1631 mgBSA/L until the day 20, but in the end of the experiment (day 25) the concentration dropped to 506.85 ± 105.06 mgBSA/L (Fig. 6.6), which also explains the decrease of the CODs of the same sample (Figure 6.6). The soluble protein and carbohydrate concentration of 100% sloth bear and koala were all high, though very low biomethane was recovered with these inoculums (Figure 6.4B and Figure 6.4C). On the contrary giraffe dung had higher recovery of biomethane from FW, probably due to its potential to degrade more carbohydrates (Figure 6.6) as well as proteins (Figure 6.7) and provide a hospitable environment for the methanogens.

Figure 6.7: Profile of soluble proteins

Conclusions

The results from this experiment show that zoo animal dung has potential in bioaugmentation of AD of FW. Mixing giraffe dung with anaerobic sludge with 30% to 70% by volume ratio had the highest enhancement with 11.24 ± 4.51% increase of biomethane production. The bioaugmentation effect of giraffe dung was mainly due to a higher solubilisation of proteins (6.96 ± 2.76%) and release of carbohydrates (344.85 ± 54.31 mg/L as compared to zero) as compared to control (e.g. 100% anaerobic sludge).
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EFFECT OF AMMONIACAL NITROGEN ON ONE-STAGE AND TWO-STAGE ANAEROBIC DIGESTION OF FOOD WASTE

This chapter discusses the operation of one-stage and two-stage anaerobic continuously stirrer tank reactor (CSTR) systems fed semi-continuously with food waste. The main purpose was to investigate the effects of ammoniacal nitrogen on the anaerobic digestion process. The twostage system gave more reliable operation compared to one-stage thanks to: (i) a better pH self-adjusting capacity; (ii) a higher resistance to organic loading shocks; (iii) a higher conversion rate of organic substrate to biomethane. Also a small amount of hydrogen was detected from the first stage of the two-stage reactor making this system attractive for biohythane production. Re-circulation of digestate supernatant provided the necessary alkalinity since it contains ammoniacal nitrogen, thus preventing an eventual failure by volatile fatty acids (VFA) accumulation. However, re-circulation also resulted in ammonium accumulation, yielding a lower biomethane production. The 50% inhibitory concentration of ammonium was 3.8 g/L, corresponding to 146 mg/L free ammonia for the inoculum used for this research. The ammonium inhibition on methanogens is stronger in the two-stage system than in the one-stage system, as it requires less alkalinity and the physically separated methanogens are more sensitive to inhibitory factors, such as ammonium and propionic acid.

Introduction

The introduction of separated collection of different fractions of municipal solid waste (MSW) and subsidies for renewable energy production have been the main drivers for the development of the anaerobic digestion (AD) as a system to treat the organic fraction of municipal solid waste (OFMSW). Food waste (FW), the single largest fraction of MSW, has a high biomethane production potential (200-670 mlCH 4 /gVS added ) [1][2][3][4][5]. Thus, treating FW through AD has become an exciting research field. Designing and optimizing the AD process using FW is nevertheless challenging [2].

The performance of continuous anaerobic reactors fed with FW is initially good with increasing build-up of the acetic acid concentration, which reaches a peak after a few months [6]. During a long-term operation, the acetic acid concentration declines and the propionic acid concentration builds up. Eventually the volatile fatty acids (VFA) accumulation can overcome the digester buffer capacity, leading to acidification and failure of the system. The alkalinity already present in the FW stream feeding the reactors as well as that produced from the biological process contributes to provide the anaerobic system with the buffer capacity and therefore, it is an essential parameter for a successful operation as compared to the direct measurement of pH [7]. During the hydrolysis and fermentation stages of AD there is a consumption of alkalinity, while alkalinity is produced and acidification is compensated during the methanogenic stage. A higher buffer capacity allows AD to operate at higher organic loading rates (OLRs), thus resulting in a higher biomethane production without experiencing a pH drop and acidification.

The total ammoniacal nitrogen (TAN) concentration in anaerobic reactors plays a significant role for maintaining the required alkalinity. In anaerobic aqueous solution, the ammonium ions (NH 4 + ) and free unionized ammonia (NH 3 ) ions are in a chemical equilibrium forming the TAN. The equilibrium between ammonium and free ammonia (FA) depends on the temperature and pH of the system. The bioreactors perform best at TAN concentrations of 600 -800 mg/L (at pH = 7.2 -7.5 and mesophilic condition), and a higher TAN concentration can lead to an inhibition of the methanogens and an eventual failure of the reactor [8,9,10].

It was proposed by several researchers that higher ammonium (NH 4 + -N) concentrations reduce the activities of the propionic acid utilizing anaerobes, thus propionic acid starts to build up [5,6,11]. Propionic acid accumulation further inhibits the methanogens, and consequently all VFA concentrations increase causing an imbalance of the reactors [6,10,11]. On the other hand, [START_REF] Nakakubo | Ammonia Inhibition of Methanogenesis and Identification of Process Indicators during Anaerobic Digestion[END_REF] and [START_REF] Prochazka | Stability and inhibition of anaerobic processes caused by insufficiency or excess of ammonia nitrogen[END_REF] suggested that higher ammonium concentrations directly inhibit the enzymatic activity of the methanogens causing a lower biomethane production [8,12]. A high concentration of FA is also extremely inhibitory to methanogens [12,13] as it can diffuse passively into the bacterial cells. FA inside the cells cause an imbalance of the intercellular pH while it equilibrates with the ammonium ion, which further inhibits some enzymatic activities of the methanogens [9,13].

It is widely recognised that the physiology of the anaerobic microbes, origin of inoculum, substrate characteristics and operational conditions affect the inhibitory level of both ionized and unionized forms of ammonia [15]. Hence, a wide range (1.7 -14 gTAN/L) of inhibitory concentrations have been reported in the literature [12]. In general, earlier research reported that a TAN concentration of 1700 -2000 mgTAN/L is toxic to unacclimated microbes [16,17], whereas the 50% inhibition for acclimated methanogens could reach up to 12,000 -14,000 mgTAN/L [12,17].

To the best of our knowledge, the buffering and inhibitory effects of TAN on the AD of FW have not yet been studied in detail, whereas it has been widely studied for AD of swine manure [10,13,15] and waste activated sludge (WAS) [16,17,18]. Therefore, this research aims at investigating the effect of TAN on the AD of synthetic FW through batch and semicontinuous reactors. The buffering as well as inhibitory effects of ammonium were investigated in batch experiments as well as in one-stage (R1) and two-stage (R2) continuously stirred tank reactors (CSTR) treating synthetic FW at mesophilic conditions.

Materials and methods

Substrate and inoculum

As the FW composition can change depending on the season, region and the ways it is collected it might have a varying impact on the performance of the AD process. Hence, a synthetic FW was used for both batch and semi-continuous experiments in this study. The synthetic FW was prepared weekly following Ariunbaatar et al. (2014) [19], and it was stored in the fridge (4 °C) when not in use. The FW was added directly to the bottles for batch experiments, whereas it was mixed with water prior to feeding to the semi-continuous reactors. The inoculum used for the experiments was from a full-scale AD plant (treating buffalo manure and cheese whey) located in Capaccio-Salerno (Italy).

Batch experiments

The inhibitory effect of TAN on the AD of FW was studied through batch experiments to determine the biomethane potential (BMP) by adding a gradient series (0.5, 0.8, 1.67, 1.67, 1.67, 0.8, 0.8, 1.67, 1.67 g/L) of ammonium chloride (NH 4 Cl) to the BMP bottles (marked as N series) and compared with the control (BMP bottle with no addition of NH 4 Cl). The substrate to inoculum (S/I) ratio was 0.5 gVS/gVS. BMP tests were conducted in a 1L glass bottle, sealed with silicone filled stopper. The bottles were placed on a shaker to provide continuous mixing, and all tests were conducted in duplicate at mesophilic conditions (30 -34 °C) as described by Esposito et al. (2011) [20]. The biomethane production was measured Effect of ammoniacal nitrogen on one-stage and two-stage anaerobic digestion of food waste Effect of ammoniacal nitrogen on one-stage and two-stage anaerobic digestion of food waste 92 with the liquid displacement method using a sodium hydroxide (120 gNaOH/L) solution to trap the carbon dioxide (CO 2 ) [20].

Semi-continuous reactors

The effect of TAN on the buffer capacity was studied through a semi-continuous one-stage (R1) and two-stage (R2) CSTR at a mesophilic (32-37 °C) condition. R2 consisted of two separate CSTRs connected with a tube, and the working volumes were 220 ml and 1980 ml for the first and second stage, respectively, making the total working volume (2.2 L) the same as R1. The stirring speed of all the CSTRs was 150 rpm.

Three independent runs of the reactors were carried out. The detailed operational parameters of each run are shown in Table 7.1. To investigate the effect of TAN on the buffering capacity as well as the robustness of the reactors, Run 1 was performed for 60 days by applying an organic loading shock with no additional buffer addition or re-circulating the liquid fraction of the digestate (LFD). During Run 1, the hydraulic retention time (HRT = V/Q) and the organic loading rate (OLR = C/HRT) were 20 d and 1.2 gVS/L.d, respectively. The main purpose of Run 2 was to study the effect of the LFD re-circulation on the buffer capacity and/or toxicity of TAN (in both R1 and R2); although to secure a prolonged stable operation, the HRT was increased to 40 d and the OLR was also reduced to 0.3 gVS/L.d by reducing the VS concentration in the feed (Table 7.1). The digestate was centrifuged at 3000 rpm for 5 minutes to separate the liquid and solid fractions. The LFD was used to prepare the feed for the reactors, thus the re-circulation was performed manually. However, the volume of the LFD was only sufficient for 75 -80% of the feed volume, hence tap water was added. Run 2 lasted for 59 days and due to operational hitches, the reactors were stopped for a few weeks. Both reactors were re-started in Run 3 with the same operational conditions using the inoculum from Run 2 and lasted for 60 days. Starting day 61, the OLR was increased gradually up to 0.9 gVS/L.d by increasing the FW concentration in the feed. semi-continuous one-stage (R1) and two-stage (R2) CSTR at a mesophilic (32-37 °C) condition. R2 consisted of two separate CSTRs connected with a tube, and the working volumes were 220 ml and 1980 ml for the first and second stage, respectively, making the total working volume (2.2 L) the same as R1. The stirring speed of all the CSTRs was 150 rpm.

Three independent runs of the reactors were carried out. The detailed operational parameters of each run are shown in Table 1. To investigate the effect of TAN on the buffering capacity as well as the robustness of the reactors, Run 1 was performed for 60 days by applying an organic loading shock with no additional buffer addition or re-circulating the liquid fraction of the digestate (LFD). During Run 1, the hydraulic retention time (HRT = V/Q) and the organic loading rate (OLR = C/HRT) were 20 d and 1.2 gVS/LÁd, respectively. The main purpose of Run 2 was to study the effect of the LFD recirculation on the buffer capacity and/or toxicity of TAN (in both R1 and R2); although to secure a prolonged stable operation, the HRT was increased to 40 d and the OLR was also reduced to 0.3 gVS/LÁd by reducing the VS concentration in the feed (Table 1). The digestate was centrifuged at 3000 rpm for 5 min to separate the liquid and solid fractions. The LFD was used to prepare the feed for the reactors, thus the re-circulation was performed manually. However, the volume of the LFD was only sufficient for 75-80% of the feed volume, hence tap water was added. Run 2 lasted for 59 days and due to operational hitches, the reactors were stopped niacal nitrogen on one-stage and two-stage anaerobic digestion of food waste. Waste 1

Analytical methods

TS, VS, Total Kjeldahl Nitrogen (TKN) and TAN were analysed according to the APHA standard methods. Total proteins were calculated based on TKN, using a correction coefficient of 6.25 [21]. Total carbohydrates were determined with the phenol-sulphuric method and measured spectrophotometerically (TUV SR03210002) using glucose as the standard solution [21]. Total lipids were extracted with a mixture of chloroform and methanol (1:2 by v/v), dried and weighted [22]. The biomethane production from both batch and semi-continuous experiments was measured continuously by the liquid displacement method as described by Esposito et al. ( 2011) [20].

The biomethane production was normalized to standard temperature and pressure (STP). Total alkalinity (TA) and partial alkalinity (PA) was calculated based on the volume of the consumed sulfuric acid (0.05 M) by titrating with it until pH 5.4 and 4.4, respectively. Based on the TA and PA values the volatile organic acid (VOA) alkalinity and VOA/PA ratio was calculated.

For the volatile fatty acids (VFA) analysis, 1.5 ml sample was collected and prepared by solid-phase micro-extraction as described by Abalos et al. ( 2000) [23]. The extracted VFA samples were analysed with gas chromatography (GC) equipped with Nukol Supelco FID column, using helium as a carrier gas. The gas samples were collected directly from the headspace for the analysis of the biomethane (CH 4 ) and biohydrogen (H 2 ) content. The gas content was analysed with a GC equipped with Restek Shin-Carbon column, using argon as the carrier gas.

Calculation

The inhibitory concentration (IC) of TAN on the Methanogenesis was calculated using the extended Boltzman equation [24]: Y = b + ((ab)/(1 + exp(X-X 0 /dX)) ICi = X 0 + dx*Ln((ab)/(100-i)b -1) where, a = initial value (lower horizontal asymptote) b = final value (upper horizontal asymptote) X 0 = point of inflection ICi = the concentration of i% inhibition of methanogenic activity Once the IC 50 was estimated, the concentration of free ammonia (FA) was calculated according to [START_REF] Kayhanian | Ammonia inhibition in high-solids biogasification: An overview and practical solutions[END_REF] [14]: NH 3 -N = (TAN x (K a / 10 -pH )) / ((K a / 10 -pH ) + 1) where, TAN = total ammoniacal nitrogen concentration, mg/L K a = temperature dependent disassociation constant (K a = 1.097 x 10 -9 at 35 °C)

Effect of ammoniacal nitrogen on one-stage and two-stage anaerobic digestion of food waste Effect of ammoniacal nitrogen on one-stage and two-stage anaerobic digestion of food waste 94 7.3 Results .1A shows that the BMP tests took 20 days to reach the maximum production and a plateau was achieved after 25 days. The specific biomethane production (SBP) amounted to 468.5 ± 6.8 mlCH 4 /gVS added . The inhibitory concentration (IC 50 ), which limits the methanogenic activity by 50% was calculated as 3.8 gTAN/L (146 mgFA/L). Figure 7.1B illustrates the sigmoid correlation between the TAN concentration and the SBP as well as the inhibition percentage.

Substrate and inoculum characterization

The VFA concentration of each BMP bottle was analysed every 4 -5 days during the BMP tests (Figure 7.1C and Figure 7.1D). The main VFA produced were acetic and propionic acid, negligible amounts of butyric and valeric acid were also detected. The reactor stability parameters, VOA/PA ratio and pH, as well as the daily biomethane production are shown in Figure 7.2. A steady state of the reactors was achieved when a constant or a steady value of these stability parameters was obtained. Once the steady state was achieved, no feed was supplied on days 7 and 15 to give shocks in the organic loading. These shocks caused a slight imbalance in the VOA/PA ratio (Figure 7.2A) and a decrease of the pH in the reactors (Figure 7.2B); although the reactors were able to recover themselves within a few days, when a stable feeding was supplied. On day 24, feed was not supplied again for 4 days, which explains the low biomethane production (Figure 7.2D). On day 28, the reactors were fed again, causing a sudden shock of the loading. Interestingly, R1 failed within 2 days (day 30) due to acidification, while R2 was relatively stable (Figure 7.2). Therefore, the feeding of R1 was stopped to see if it could recover by itself, while R2 kept on running with no change in operational conditions. On day 49, R2 also failed due to acidification, and the TA was 3660 mg/L (R1) and 3690 mg/L (R2).

The initial TA concentration during the start-up was in the range of 5500 -6000 mg/L. Both R1 and R2 were not able to regain the alkalinity; hence, to increase the TA, sodium bicarbonate (NaHCO 3 ) was supplied to obtain a TA of 5700 -5800 mg/L on day 52. On days 53 to 55, the pH was recovered (Figure 7.2B), and the biomethane production was similar to the steady state (Figure 7.2D). Nonetheless, both R1 and R2 failed again on day 56 due to the loss of alkalinity (Figure 7.2A and Figure 7.2B), and the reactors could not be recovered anymore.

The TAN concentration of R1 and R2 were 561 mg/L and 571 mg/L, respectively, during steady state operation (days 1 to 35). The TAN concentration slowly decreased to 400 mg/L (Figure 7.2C) as R1 and R2 lost alkalinity. When additional buffer was supplied, the TAN concentration also increased up to 500 mg/L (Figure 7.2C), but decreased immediately after R1 and R2 experienced acidification again (Figure 7.2A and Figure 7.2B). The reactors were re-started with fresh inoculum, a higher HRT and a lower OLR to secure a longer steady state operation (Table 7.1). The reactor stability parameters, VOA/PA ratio and pH, are shown in Figure 7.3A and Figure 7.3B, respectively. The steady states of the reactors were obtained also within a week of operation (same as Run 1) with an average VOA/PA ratio of 0.21-0.22, thanks to the active and stable inoculum. After 18 days of operation, the VOA/PA ratio decreased and the pH increased from 7.3 to 7.8, and a slight instability was observed until day 33 (Figure 7.3A and Figure 7.3B). However, the reactors experienced a new steady state from day 34 onwards with an average VOA/PA ratio of 0.15 and the pH was in the range of 7.2 -7.4 for both R1 and R2.

The daily biomethane production of the reactors (Figure 7 The TAN concentration of the reactors was also analysed periodically (Figure 7.3C). During the first steady state, the average TAN concentrations of R1 and R2 were 513 mg/L and 536 mg/L, respectively. As a result of the LFD re-circulation, TAN was accumulated in both reactors and reached up to 1026 mg/L, which led to an instable operation (days 18 to 34). Although after 2 weeks of operation, the TAN concentration slowly reduced to 648 mg/L (R1) and 628 mg/L (R2).

VFA were not detected during the initial days of operation, but were present after the reactor reached steady state. The average VFA concentration in R1 and R2 were 44 mg/L and 80 mg/L, respectively. Similar to the batch experiments, the main VFA produced were acetic, propionic and butyric acids, and negligible amounts of valeric and caproic acid were detected (Figure 7.4).

During Run 2 the pH of the first stage of R2 reduced from 7.6 to 5.2 within 10 days. No biohydrogen was detected and a small amount of biomethane was produced. The effluent from the first stage of R2 contained an average of 2267 mg/L acetic acid, 752 mg/L butyric acid, 433 mg/L propionic acid, 292 mg/L caproic acid, 166 mg/L isobutyric acid, 126 mg/L valeric acid, and negligible amounts of medium or long chain fatty acids, which means the second stage of R2 was fed with a pre-hydrolysed substrate.
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Run 3: Effect of OLR increase

When the reactors were re-started for Run 3 with the same inoculum as Run 2, the steady state was achieved within a week with a stable VOA/PA ratio (0.09 -0.11). At an OLR of 0.3 gVS/L.d, the SBP of R2 was higher than R1, which accounted for 523.6 ml/gVS added and 457.8 ml/gVS added , respectively. The OLR of the reactors were gradually increased (from 0.3 -0.9 gVS/L.d) keeping a constant VOA/PA ratio (Figure 7.5A). As the OLR increases, a higher TAN concentration was observed (Figure 7.5B), which led to a slight decrease of SBP (Figure 7.5C). Even though the performance of the reactors was slightly reduced at an OLR of 0.4 -0.6 gVS/L.d, the average TAN concentration (less than 800 mgTAN/L) and the SBP were in a similar range for both R1 and R2 (430.8 -466.6 mlCH 4 /gVS added and 428.6 -459.4 mlCH 4 /gVS added for R1 and R2, respectively). There was no change in biomethane composition in both reactors (Figure 7.5D). However, the poor performance became evident at an OLR of 0.9 gVS/L.d after day 120. The TAN concentration reached average values of 815.8 mg/L and 959.7 mg/L in R1 and R2, which caused a SBP of 382.1 mlCH 4 /gVS added and 337.9 mlCH 4 /gVS added , respectively (Figure 7.5C). The increased TAN did not only affect the SBP, but also the methane content in the biogas reduced from 47% to 45% in R1 and from 55% to 49% in R2 (Figure 7.5D). In terms of VFA, the same amounts of acetic, propionic and butyric acids were detected, although the total VFA concentration in the reactors were higher than Run 2, which amounted to 148.7 mg/L and 95.84 mg/L in R1 and R2, respectively (Figure 7.6).

During Run 3, the pH of the first stage of R2 was 5.1, and the performance was very similar to Run 2 until operation day 80 (OLR = 0.5 gVS/L.d). It produced a small amount of biogas with 33% biomethane and negligible amounts of biohydrogen. The average VFA concentration in the first stage of R2 was 3450 mg/L (Figure 7.7A). However, as the OLR was increased the pH dropped to 4.3 and the biomethane content was reduced from 33% to 7.9% (Figure 7.7B).

It is interesting to note that from day 89 onwards, lactic acid was produced (an average of 3723 mg/L), which was accompanied by a small amount (less than 2%) of biohydrogen production (Figure 7.7C). 

Anaerobic digestion of food waste

This study showed that FW has a high potential in biomethane production. The biomethane potential of 468.5 ± 6.8 mlCH 4 /gVS added was achieved with batch experiments, which is in the range of reported values for other types of FW [2,3,4,5,25]. Successful operation of the two-stage CSTR could achieve almost 100% of the biomethane potential of FW, whereas the one-stage CSTR converted only 71% of VS added into biomethane. Moreover, it was clear that R2 is more robust than R1, as it is more resistant to organic loading shocks (Figure 7.2). This result is in agreement with the literature suggesting that two-stage systems could have an increased stability with better pH control, a higher loading rate, and an increased specific activity of methanogens resulting in a higher methane yield [1,26,27,28]. The advantage of R2 was not only the increased biomethane production and a better stability of the process, but also the possibility to produce biohydrogen from the first stage (Figure 7.7C). However, the biohydrogen production in this study was relatively small (less than 2%) as compared to other studies (> 8.5%), even though the pH (4 -5.5) was favourable for the main biohydrogen forming bacteria such as Clostridium sp [28,29,30]. As suggested by Kapdan and Kargi (2006), the low biohydrogen production could be due to the relatively slow biochemical pathways to produce biohydrogen from lactic and butyric acids [25].

Effect of TAN on buffer capacity in semi-continuous systems

R2 was more resistant to organic loading shocks than R1, however it also failed eventually due to acidification. OLR overloads and shocks lead to bacterial washout and/or low buffer capacity, which all result in VFA accumulation [32]. Once the alkalinity or the buffer capacity is consumed, it was very difficult to recover both the one-stage and two-stage CSTR system failures due to acidification (Figure 7.2). Only adding external buffer (NaHCO 3 ) could recover the system for a few days (Figure 7.2), but was not sufficient to support the recovery of the continuous operation.

Figure 7.2A shows that the main reason for the process failure was the low buffer capacity, and when the buffer capacity became low, the TAN concentration also decreased (Figure 7.2C). Therefore, the TAN concentration plays an important role in the buffering capacity of the reactors. Moreover, [START_REF] Takashi | Mineral nutrient requirements for high-rate methane fermentation of acetate at low SRT[END_REF] suggested that an adequate amount of TAN does not only provide the necessary buffer capacity, but it is also an essential nitrogen source for acetate utilizing methanogens [33]. Hence, in order to maintain a successful operation of acid digesters of FW, an adequate amount (>500 mg/L) of TAN is necessary [8].

Toxic effect of TAN on AD of FW

Even though TAN inhibition has been widely studied, only limited research reported the IC 50 of TAN and FA on the methanogenesis ( 7.2D). Also an increased OLR yielded a higher TAN accumulation in both R1 and R2 (Figure 7.3D). Physically separating the hydrolytic and acidogenic microbes from the methanogens provided a better surviving environment for the relatively slow growing and sensitive methanogens [4,27], thus R2 required less alkalinity than R1 (Figure 7.3C and Figure 7.5B). Consequently, a higher TAN concentration was accumulated in R2 than R1.

A different level of TAN inhibition on methanogenesis was observed in R1 and R2 ( Hartman and Ahring (2005) also obtained a similar result by re-circulating the supernatant of cow manure and the organic fraction of MSW digestate, but they did not observe an inhibition even when the TAN concentration increased by 40% reaching 1000 mg/L [34]. This could be explained by the fact that they used a thermophilic inoculum: mesophilic inocula are more sensitive to TAN inhibition than thermophilic inocula [35]. A TAN concentration higher than 700 mg/L reduces the activities of mesophilic methanogenes [9,14,32,36].

In R2, the TAN concentration higher than 850 mg/L resulted in a 31 -35% inhibitory effect on the biomethane production (Figure 7.3C and Figure 7.5A). This could be due to the higher inhibitory effect of TAN on the sensitive methanogens. Also, according to [START_REF] Gallert | Propionic acid accumulation and degradation during re-start of a full-scale anaerobic biowaste digester[END_REF], propionate utilizers are the most critical members of the AD food chain [37]. Banks et al. (2012) suggested that a high concentration of TAN directly affects the propionate-utilizing bacteria, thus the propionic acid concentration in the systems increase [6]. When the propionate concentration increases, it has a direct inhibitory effect on the methanogens [6]. Figure 7.4C and Figure 7.6C show that a slightly higher (5 -7%) propionic acid concentration was detected in R2 than R1. The batch experiments on TAN inhibition showed that the high TAN concentration resulted in a higher level of propionic acid build-up, which caused the accumulation of other VFA (Figure 7.4). Therefore, a high concentration of both TAN (1026 mg/L) and propionic acid (432 mg/L) entering the second stage of R2 could have caused the much lower biomethane production.

Nevertheless, after the TAN inhibition occurred during operation days 18 to 33 of Run (2012) the main biochemical pathway of FW digestion might have been changed due to the TAN accumulation [6], and the acclimated methanogens could be producing less biomethane than the initial methanogenic population. Further detailed studies on the characterization of the methanogenic population using molecular microbiology tools as well as the effect of environmental conditions should be carried out for a better understanding of the TAN inhibitory mechanisms on the metabolic pathways.

Conclusion

This study demonstrated that ammoniacal nitrogen plays a significant role in the AD of FW. An adequate amount of TAN is required for providing buffer capacity and meeting nutritional requirements for the methanogens. However, an excessive TAN concentration inhibits the biomethane production. The IC 50 of TAN for unacclimated inoculum used for FW digestion amounted to 3.8 g/L, which corresponds to 146 mg/L free ammonia. Based on the comparison of one-stage and two-stage AD systems, the two-stage system is an attractive method for recovering biomethane and biohydrogen from FW. It is more robust than the one-stage system, as it resisted better to organic loading shocks thanks to its higher buffer capacity. However, since it requires less alkalinity than the one-stage system, TAN can accumulate more easily and yield a higher toxicity.
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INFLUENCE OF HYDRAULIC RETENTION TIME AND ORGANIC LOADING RATE ON THE PERFORMANCE OF ANMBR TREATING FOOD WASTE

This chapter presents a study on the effect of hydraulic retention time (HRT) and organic loading rate (OLR) on the stability and performance of an AnMBR, equipped with sidestream polyvinylidene fluoride (PVDF) membranes. The reactor was fed with a fixed influent concentration of 8.24 ± 0.12 gCOD/L, made with synthetic FW. The OLR was increased by reducing the HRT from 20 d to 1 d. The system obtained an overall removal efficiency of >97% and >98% of the influent chemical oxygen demand (COD) and total suspended solids (TSS), respectively. The biological process was able to convert 76% of the influent COD into biogas with 70% methane content, and the additional COD rejection was performed by the membrane filtration process.

Introduction

Anaerobic digestion (AD) is one of the most important and sustainable processes used for the treatment of organic solid waste (OSW). It combines pollution reduction, energy production and nutrients recovery from OSW with limited environmental impacts [1]. Among various substrates used for AD, there is a growing interest of treating food waste (FW) due to its high generation rate and easily biodegradable characteristics [2]. There is a strong policy to develop the AD of FW as the governments in Europe have set significant targets to reduce the amount of biodegradable waste to be landfilled and to increase the recycling rate as well as energy recovery [3].

AD is a biological process that converts complex substrates into biogas and digestate by microbial action in the absence of oxygen through four main steps, namely hydrolysis, acidogenesis, acetogenesis and methanogenesis. Anaerobic microbes grow very slowly and biomass retention is one of the most important aspects of AD [4]. It is well known that the AD of FW is more prone to failure at high organic loading rates (OLRs), as the slow growing methanogens could be washed out resulting in an acidification of the reactor [11]. Hence, a bigger volume of the reactor or a longer HRT is required. Considering the high amount of waste to be treated as well as the engineering and economical aspects an efficient reactor design is required to retain the microbial biomass in the system while maintaining a stable operation at a short hydraulic retention time (HRT). This has led to the growing popularity for the development of anaerobic membrane bioreactors (AnMBR), which separates the HRT from the solids retention time (SRT) [5,6].

AnMBR offers several advantages over conventional AD processes: i) an ability to deal with higher organic loads even at unfavourable conditions; ii) increased production of biogas with a higher methane content; iii) less production of sludge; iv) better quality effluent with no pathogen and solids; and v) reduced footprints of the AD system. In fact, the AnMBR has been highlighted as a sustainable tool for capturing the resources (energy and nutrients) [3,5].

Although the performance of an AnMBR has been studied thoroughly for the treatment of various wastewater [8], there has been a limited research on the application of AnMBR for FW. With an appropriate pretreatment of the FW AnMBR holds a great potential for a highrate treatment. Despite the mentioned advantages, AnMBR is an energy intensive technology and the biggest downfall of it is the fouling of membranes. To achieve a sustainable operation of the AnMBR measures to prevent from the limitations are required [7,8,9,10].

The main focus of the research was to study the effects of increasing OLR and reducing the HRT on the performance of AnMBR, treating macerated FW. A fully automated lab-scale
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AnMBR system was operated for a total of 100 days. Biological and filtration processes were observed and the effects on the membrane performance were also studied.

Materials and Methods

Seed sludge and influent

The influent was prepared with a synthetic FW mixed with tap water. The influent was blended and sieved through mesh no.20. Sodium bicarbonate (NaHCO 3 ) was added to provide necessary (>1500 mg/L and pH > 7.2) alkalinity.

The synthetic FW was prepared mimicking a typical post-consumer FW according to Ariunbaatar et al. (2014). Ingredients included meat (chicken, beef, pork and fish), cheese, bread, rice, pasta, oranges, tomatoes, potatoes, apples, eggplant, spring mix salad, and bananas. All of the ingredients were blended together to a homogenous pulp, and stored at 4 °C not more than 2 weeks.

Anaerobic digester sludge from Howard F. Current Advanced Wastewater Treatment Plant (Tampa, Florida, USA) was used for both batch and AnMBR experiments. To remove any unwanted particles that could clog the membrane pores or block reactor tubing, the sludge was sieved through a no.20 mesh.

Analytical methods

Total solids, total suspended solids (TSS) and volatile solids (VS) were determined following the standard methods [12]. Total and soluble chemical oxygen demand (CODt, CODs), TN, TP, TAN were analysed with HACH test kits following the manufacturer's instructions (HACH, Loveland, Colorado, USA). Total alkalinity (TA) and partial alkalinity (PA) was calculated based on the volume of the consumed hydrochloric acid (0.1N) by titrating with it until pH 5.5 and 4.5, respectively. Based on the TA and PA values the volatile organic acid (VOA) alkalinity and VOA/PA ratio was calculated. Continuous biogas production from AnMBR was measured by a wet-tip meter, and methane content was analysed with a gas chromatography (GC) Agilent Technologies equipped with flame ionization detector (FID) column 30 m x 0.25 mm, 0.25 µm film (Supelco Nukol).

Biomethane potential test

Biomethane potential (BMP) test of FW was carried out in serum bottles (total volume of 120 mL) in duplicates without mixing according to Angelidaki et al. ( 2009) [13]. The food to inoculum ratio was 0.5 gVS/gVS, and sodium bicarbonate (NaHCO 3 ) was added to provide alkalinity. Prior to incubation at mesophilic (35 ± 2 °C) all of the serum bottles were flushed with helium gas to provide anaerobic condition. The BMP test was continued until the cumulative biomethane production reached a plateau (approx. 20-25 days of incubation) and daily biogas production was measured by volumetric liquid displacement method using sodium hydroxide (120 gNaOH/L) as liquid to capture carbon dioxide.

Design and operation of AnMBR

A laboratory scale upflow anaerobic bioreactor column coupled with two side stream ultrafiltration membrane modules were used for this study (Figure 8.1). The total working volume was 10 L with a 3 L headspace. [14]. The membrane permeate flux was measured by Arduino board connected to the data logger [14]. Based on the flux and the TMP the filtration process was performed. Since the permeate flux equals to the influent flow rate, the filtration process controls the influent feeding automatically.

AnMBR system started with a HRT of 20 d (OLR of 0.3 gVS/L.d), and when a stable operation with a constant VOA/PA ratio, a high COD removal, and a stable methane production is achieved, the HRT was reduced to 10, 7, 5, 3 and 1 d corresponding to OLR of 0.6, 0.86, 1.2, 2, and 6 gVS/L.d, respectively. The HRT and OLR was calculated based on the produced permeate volume.

To keep the HRT values constant the filtration process run in 4 intervals per day during all phases except for HRT 1d where the intervals were increased to 8 per day. The filtration intervals were controlled by a timer connected to the permeate pump. Starting from HRT=5 d backwashing was performed after each filtration process stops, to reduce the membrane fouling. The strength of the backwash was 10 times higher than the filtration and it was also controlled by a timer. 

Seed sludge and FW characteristics

The pH, TS, VS, total and partial (carbonate) alkalinity, total ammoniacal nitrogen (TAN), total nitrogen (TN), total phosphorus (TP) of the seed sludge were 7.7 ± 0. .4A shows the pH of the bioreactor, which is slightly lower than the effluent (e.g. permeates). The solids content in the bioreactor could be interfering with the pH measurement; hence the pH of the soluble fraction of the bioreactor was measured. There was no difference in the pH values between the centrifuged and uncentrifuged samples. Another explanation for the difference of pH values between the bioreactor and the effluent (e.g. permeate) could be the difference of carbon dioxide (CO 2 ) partial pressure in the headspace, and the effluent contains less CO 2 concentration yielding a higher pH value. This explanation is supported by the lower VOA concentration in the effluent (Figure 8.4C).

VOA/PA ratio of the reactor as well as the effluent was stabilized after 14-17 days at values of 0.86 and 0.49, respectively. Each time the OLR is increased (including the unintentional OLR shock due to over-feeding events on day 58, 60, 76 and 95) the ratio was increased immediately but after a while it stabilizes again (Figure 8.4B). Similar trend can be observed with VOA (Figure 8.4C). This indicates the AnMBR system could handle the OLR shocks and recover itself quickly thanks to the membranes. After each over-feeding event, the influent pump was stopped until the system recovers, which explains the rapid decrease of VOA on day 59, 62, and 77.
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COD and solids removal

The influent CODt and CODs concentration were 8.24 ± 0.12 and 3.31 ± 0.05 g/L, while the COD concentration in the reactor varied depending on the OLR (Figure 8.5). Every time the OLR was increased (excluding the over-feeding events) the CODs in the reactor increased yielding a higher COD in the effluent (0.35 -0.77 gCOD/L) (Figure 8.5). However, the reactor CODs was reduced immediately after 2 days as a result of the methanogenic activity resulting in an effluent COD of 0.03 -0.15 g/L. The highest CODs of 3.45 ± 0.13 gCOD/L in the reactor was observed on day 61 after the loss of biomass (approximately 3L) and overfeeding event. Nevertheless, thanks to the membranes the AnMBR was able to retain the remaining biomass in the system and was recovered remarkably within a week. After the first two over-feeding events the AnMBR responded to OLR shocks well and faster. Even during the unintentional over-feeding events on day 76 and 93 the AnMBR could recover in less than 2 days. The TSS and VSS content in bioreactor were reasonably constant at values of 3.86 ± 0.62 and 1.08 ± 0.55 g/L. Moreover, the decrease of TSS and VSS on day 60 and 76 were caused by a loss of biomass due to malfunctioning of the peristaltic pumps and float switch, whereas the decrease on day 64 and 81 were due to no feeding as a result of over-feeding events.

The COD removal efficiency was calculated based on the influent and effluent concentrations; hence it combines the biological COD removal and the rejected COD by the membranes Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste 120 (Figure 8.6A). After the over-feeding events, the feed pump was turned off, hence the removal efficiency was not calculated during operational days of 57-60, 63-69, 76-79. When the removal efficiency was calculated based on the influent, the CODt and CODs were >97 and >95%, respectively. Every time the HRT is reduced the COD removal efficiency dropped by 3 -5% for 2-3 days, and recovered again. Similar trend was observed with TSS removal (Figure 8.6B), and during s stable operation >98% of TSS removal was achieved. ). After the over-feeding events, the feed pump was turned off, hence the removal efficiency was not calculated during operational days of 57-60, 63-69, 76-79. When the removal efficiency was calculated based on the influent, the CODt and CODs were >97 and >95%, respectively. Every time the HRT is reduced the COD removal efficiency dropped by 3 -5% for 2-3 days, and recovered again. Similar trend was observed with TSS removal (Figure 8.6B), and during s stable operation >98% of TSS removal was achieved. Generally, the background nutrient concentrations stabilized after approximately 15 -20 d. However, the nutrients are accumulated in the bioreactor as soluble forms, and were released with the effluent. This explains the 6 -7 times lower concentration of nutrients in the influent than in the bioreactor and the effluent (Figure 8.3).

Biogas production

The BMP test of FW lasted for 25 days, and reached the maximum amount of 472.15 ± 1.75 mL/gVS added (or 418.50 ± 1.55 mLCH 4 /gVS added at STP). This value was used to calculate the biogas production from the AnMBR, as due to several over-flowing and also leaking of headspace events the data from the wet-tip metre was unreliable. Table 8.1 shows the average biogas production calculated based on the VS loading. The biomethane production was then converted to COD using the theoretical conversion of 0.395 L/gCOD (0.35L/gCOD at STP). Due to the leaking of headspace the methane content in the biogas produced was not measured during the initial operation days. Methane content in biogas produced increased with increasing OLR and decreasing HRT. The max methane content detected was 70. 2012) also reported that the cell density of the active biomass increased with OLR to 7.4 gVS/L.d, but further OLR increase resulted in a reduction of cell density, and hence an overall biological activity was reduced [16]. However, their reactor was not equipped with a membrane, but the solid fraction was re-circulated after a solid-liquid separator. A lower biological COD removal efficiency in this research can be explained by the loss of biomass (approximately 2-3L) due to malfunctioning of the pumps. Even though the biomethane conversion rate was reduced the effluent COD remained low (>280 mg/L) as a result of the membrane filtration. 

Membrane performance

The experiment started with a high HRT (20d), which requires a very low (0.5L) permeate production. Based on the obtained flux the experimental flow rate (Q*) and the experimental HRT (HRT*) were calculated and compared with the original plan (Table 8.2). During the start-up period the average flux and TMP of the two membranes were stabilized at 7.18 LMH and 0.28 bar, respectively, which makes the HRT* 18.5 d (Table 8.2). When the HRT was reduced by 1 step (from 20 to 10d), the TMP decreased, and flux increased. This is probably due to the adaptation period of the system, and hence a better performance was obtained. However another step of HRT reduction (from 10 to 7d) resulted in an increase of TMP and reduction of flux, suggesting a possible fouling on the membrane. Therefore, the next step of HRT decrease (from 7 to 5d) was coupled with a backwash cycles. Immediately after the backwash cycles started the TMP reduced significantly (from 0.24 to 0.18 bar), and flux was stabilized at 12.26 LMH. Both the flux (13.66 LMH) and TMP (0.20 bar) were relatively constant throughout the next step (from 5 to 3 d) as well. When the HRT was decreased from 3 to 1d the planned flux and TMP were not achieved as the membrane performance was not stable. The average flux and TMP during this period was 9.53 LMH and 0.32 bar, resulted in HRT* of 2.41 d instead of the planned 1 d. This unplanned transition period lasted for 8 days, causing a lower performance of the whole system (Figure 8.6). The transition period probably caused by the intensive increase of OLR, which made the membrane stressed. Nevertheless, the system was able to overcome the hurdle and a stable operation with HRT* of 0.88d was obtained. 

Conclusion

The results of this study prove that the AnMBR is a very resilient system for the treatment of high rate AD of FW. Despite the few experimental hickups a typical HRT of 20 d was reduced to 1 d successfully in only 100d. The biological part of the system was fully stabilized after more than 2 weeks, and it was able to convert 50-76% of the influent COD into biogas with up to 70% methane content. Additional COD rejection was performed by the membrane filtration process, making the COD removal efficiency of the whole system > 97%. Moreover, >98% of the influent total suspended solids (TSS) was removed.

DISCUSSIONS AND FUTURE RESEARCH PERSPECTIVES

Introduction and objectives

Food waste (FW) has become one of the major global concerns, as increasing affluent societies are producing more amount of it. The overall pollution prevention targets at national and international level, the objectives of Kyoto protocol, the conservation of natural resources as well as other crucial issues related to human and animal health have highlighted the need for a sustainable FW management [1,2,3,4].

Anaerobic digestion (AD) is considered as the most important and sustainable processes used for the treatment of organic fraction of municipal solid waste (OFMSW) such as FW simply due to its: 1) waste reduction and stabilization; 2) pollution reduction; 3) energy production, which leads to reducing the fossil fuel consumption; 4) reducing greenhouse gases emissions and releasing carbon-neutral carbon dioxide back to the atmosphere; 5) nutrient recovery via utilization of the digestate or the effluent for agricultural purposes [3,5,6]. FW serves as a perfect substrate for AD and has a high potential of biomethane production (200-670 mlCH 4 /gVS added ) [7,8,9]. In this regard, AD of FW has become one of the crucial topics in the field of research with a growing global attention.

AD is a complex microbial process characterized by a series of biochemical transformations in four main stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis. Most researchers report that the rate-limiting step for complex organic substrates is the hydrolysis, whereas methanogenesis is the rate-limiting step for easily biodegradable substrates [Ariunbaatar et al. 2014a]. Although FW is considered as a readily biodegradable substrate with easily fermentable sugars, it also contains refractory carbohydrates, lipids and proteins. AD of lipids and proteins are relatively slow as compared to carbohydrates [10,11]. It was also documented that a complete degradation of proteins cannot be achieved in the presence of high carbohydrate concentrations [12]. Hence, it is difficult to recover the entire potential biomethane from a normal unstimulated AD of complex organic substrates like FW, and research have been conducted to enhance the process.

Among the widely reported literatures, only few mechanical, thermal and thermochemical methods were successfully applied at full scale. Based on a simple sustainability assessment, thermal pretreatment (at temperatures >100 °C) and two-stage AD systems offer more advantages as compared to other pretreatment methods. These include: i) higher biogas yield; ii) decisive effect on pathogen removal; iii) reduction of digestate amount; iv) reduction of the retention time; v) better energy balance and vi) better economic feasibility [Ariunbaatar et al. 2014a]. It is also well documented that the performance of a continuous anaerobic reactor fed with FW is initially good; however, during a long-term operation, the volatile fatty acids (VFA) accumulation can overcome the digester buffering capacity, leading the system to acidification and consequently a failure [13]. Various inhibitory by-products such as ammonia, hydrogen sulphide, lack of macro and micronutrients, or combination of them usually causes VFA accumulation. Therefore, understanding the exact causes of failure and the effects of trace elements (TE) and microbes or enzymes supplementation could reverse the inhibition and lead to an enhanced performance of anaerobic systems [13,14,15]. In addition, anaerobic microbes grow very slowly and anaerobic microbial washout is a critical aspect, thus membrane technologies have been used to retain the biomass inside the system [16,17].

Based on the comprehensive literature review, this research focused on all the abovmentioned crucial aspects of AD. The primary goal of this research was to study the possibility to enhance the AD process treating FW through thermal, chemical (ozonation) and 126
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Major research findings

Batch experiments on the biomethane potential of food waste

In chapter 3, 4, 5 and 6 different methods to enhance the biomethane potential (BMP) of the synthetic FW were discussed. The plateau of the cumulative biomethane production curves were obtained after 20 -25 days. For each batch experiment, the net specific biomethane production (SBP) of FW was calculated based on the results obtained during the initial 20 days, which amounted to values ranging between 420 and 465 mlCH 4 /gVS added . This range is in a good agreement with other published research [18,19,20,21].

The carbohydrates, proteins and lipids concentration of the synthetic FW used in this experiment was 71 -76, 14 -17 and 9 -10%VS, respectively. The relatively higher concentration of proteins and lipids indicates that with a suitable enhancing method more biomethane can be recovered from FW. Various methods to enhance the AD of FW affect the process in different ways, resulting in a wide range of SBP increase. Table 9.1 shows the highest biomethane production enhancements achieved with each method. The highest enhancement of SBP was achieved with thermal pretreatment (47-52%), followed by thermophilic shock (40-44%), trace elements supplementation (35-39%), bioaugmentation (10-11%) and ozonation pretreatment (9-10%). The main effects of pretreatment methods (thermal, thermophilic and ozonation) were as follow:

1. Deflocculation of macromolecules [22,23], which increases the surface area of the substrates. [START_REF] Esposito | Modelling the effect of the OLR and OFMSW particle size on the performances of an anaerobic co-digestion reactor[END_REF] confirmed that increasing the surface area results in a better contact between the substrate and the microbial population, thus more organic matter is converted into biomethane [24]. 2. Increase of macromolecular degradation and higher solubilization of substrate due to thermal hydrolysis or radicals from ozonation. Consequently, the organic matter became more available for the anaerobic microbes, enhancing the biomethane production. Neyens and Bayens (2003) also reported that thermal pretreatment resulted in the solubilisation of proteins and increased the removal of particulate carbohydrates [25]. 3. Disinfection contributes to a more hospitable environment to the methanogenic consortia in the anaerobic digesters. Consequently, the more specialised microbial community could convert more organic matter to biomethane. The heating of the reactor (thermophilic pretreatment) could have caused a shock in the system, which enhanced the activities and the survival skills of the microbial community. Discussions and future research perspectives 127 pretreatment [26], whereas Vrieze and Boon (2013) obtained with a repeated pulse feeding [27].

The lower enhancement of ozonation pretreatment can be explained by a higher loss of fermentable sugar, as FW contains a high amount of simple carbohydrates and ozone is a strong oxidant. Similar trend was observed with thermal pretraetment at higher temperatures (>100 °C) and longer treatment time (>4 h) [9]. Moreover, another aspect that should be considered for intensive thermal pretreatment is the Maillard reaction i.e. a reaction between amino acids and sugars. The reaction is induced by intensive thermal conditions. One of the products from the Maillard reaction, melanoidins, is difficult to be anaerobically degraded [11,28]. Therefore, such intensive thermal pretreatmenrt and ozonation could be an attractive method for a substrate with a high content of proteins, lipids or more recalcitrant carbohydrates such as lignocellulosic materials, but not for FW.

The enhancing effect of bioaugmentation resulted in the higher solubilisation of proteins and carbohydrates as suspected. The microorganisms in the giraffe stomach were more effective in solubilizing proteins and carbohydrates than the ones in the sludge. Likewise, a high biohydrogen yield from sugarcane bagasse, corn stalk was obtained when elephant dung and panda dung were used, respectively [29,30]. Although the enhancement was not remarkably high, it shows potential in recovering higher amount of biomethane, especially for a sitespecific AD plant (e.g. treating FW at the amusement park or at the zoo).

Similarly, the supplementation of TE is also site-specific and/or substrate specific. Even though the importance of TE has been studied extensively, the effect and the concentration range for FW is still to be optimized. The results from Chapter 5 showed the importance of Fe (II), Se (VI), Ni (II) and Co (II) for the anaerobic digestion of FW in Europe. The same experiments did not result in an increased biomethane production of FW in US, as the background concentrations of the trace elements in the FW were much higher. Although for both EU and US FW supplementing 25 -50 µg/L Se (VI) resulted in 30 -35% increase of biomethane production. The results from the sulphide tests helped to exclude the inhibitory effects of the TE on the hydrogen sulphide toxicity [31]. Therefore, the effects of TE were solely on the food web of the AD. The exact biochemical role of them were not identified in this research, but highly encouraged for further research.

Both the bioaugmentation and TE supplementation do not have any effect on the pathogen removal, and hence a post-treatment is required if the digestate is to be used for agricultural purposes. Based on the results obtained with batch experiments, pretreatment methods particularly thermal pretreatment is recommended for further research and/or scale-up implementation.

Continuous experiments

A continuous operation one-stage continuously stirred tank reactor (CSTR), two-stage CSTR and an anaerobic membrane reactor (AnMBR) were discussed in Chapter 7 and 8. The startup time for all the reactors were less than two weeks. Successful operation of the two-stage CSTR and AnMBR could achieve almost 100% of the biomethane potential (based on VSadded) of FW, whereas the one-stage CSTR converted only 71% of VS added into biomethane. Moreover, two-stage CSTR and AnMBR were more robust than one-stage CSTR, as they were more resistant to organic loading shocks. Physically separating the methanogens from the hydrolytic bacteria in two-stage systems resulted in an increased stability with better pH control, a higher organic loading rate, and an increased specific activity of methanogens resulting in a higher methane yield [5,32,33,34]. After each organic 128
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Discussions and future research perspectives 128 loading increase as well as shock operation, the AnMBR suffered from lower stability, and COD in the effluent (e.g. permeate) was 3-5% higher. Although this instable period lasted for only 1-2 days and the system could recover itself immediately. The superior stability of the AnMBR was due to the membranes, which helped to retain the methanogens in the system and have a greater performance.

The long retention time remains the main drawback of the conventional CSTRs. Both the CSTR systems started with a hydraulic retention time (HRT) of 20 d, but the CSTR system could not cope with the load, and hence the HRT had to be increased to 40 d. [START_REF] Rincon | Influence of organic loading rate and hydraulic retention time on the performance, stability and microbial communities of one-stage anaerobic digestion of two-phase olive mill solid residue[END_REF] also had a similar problem and recommended a HRT longer than 17 d for CSTR systems [35]. AnMBR, on the other hand, was more than capable to treat FW with a HRT of 20d, so it was successfully reduced to 1 d only within an operation of 100 days. Moreover, with the decrease of HRT the organic loading rate (OLR) was increased from 0.19 to 3.37 gVS/L.d, which amounts to 0.43 and 8.85 gCOD/L.d respectively. To prevent from bacterial washout the HRT of the CSTR systems were not reduced, though the OLR were increased from 0.3 to 0.9 gVS/L.d.

During the CSTR operations the digestate was re-circulated back to the system to provide alkalinity. However, it resulted in a 50% higher total ammoniacal nitrogen (TAN) concentration, reaching 933 mg/L in one-stage and 1026 mg/L in two-stage CSTR. Physically separating the hydrolytic and acidogenic microbes from the methanogens provided a better surviving environment for the relatively slow growing and sensitive methanogens, thus twostage CSTR required less alkalinity than one-stage CSTR. Consequently, a higher TAN concentration was accumulated and a different level of TAN inhibition on the biomethane production was observed. After 2-3 weeks operation, the TAN concentration dropped to the average value of 648 mg/L and 628 mg/L in one-stage and two-stage systems respectively, although the biomethane production stayed low. As Banks et al. (2012) suggested the biochemical pathway might have been changed, and the new acclimated methanogens could have been producing less biomethane than the earlier methanogenic population [13]. To prevent from such inhibition the effluent (e.g. permeate) was not re-circulated back to system, but a buffer was added to provide alkalinity in the AnMBR influent, making the source of alkalinity different as compared to the CSTR operations [36].

The biogas composition in the one-stage and two-stage CSTR were 40-50% and 50-60%, respectively. As the OLR was increased, a reduction of methane concentration in the biogas was observed in both CSTR systems, which could be also due to the accumulated TAN concentration. However, the methane content in the biogas produced from the AnMBR was in the range of 49-55% initially, and it increased up to 70% as prolonged operation was kept. This is another proof that the AnMBR was able to retain the methanogens in the system, yielding a higher performance.

As compared to one-stage CSTR systems, an advantage of two-stage is the possibility to produce hydrogen from the first stage, making it an attractive biohythane producing system [37,38,39]. However, the hydrogen production in this study was relatively small as compared to other studies, even though the pH (4 -5.5) was favourable for the main hydrogen forming bacteria such as Clostridium sp [40,41,[START_REF] Chu | Characterization of microbial community in the two-stage process for hydrogen and methane production from food waste[END_REF]. As suggested by Kapdan and Kargi (2006), the low hydrogen production could be a consequence of the relatively slow biochemical pathway, in which the microbes utilize lactic and butyric acids to produce hydrogen [START_REF] Kapdan | Bio-hydrogen production from waste materials[END_REF].

Anaerobic digestates contain bacteria such as Salmonella, Listeria, Esterichia coli, Campylobacter, Mycobacteria, Clostridia and Yersinia, which may be harmful to both humans and animals. Salmonella, Listeria mococytogenes, Verotoxin producing E. coli o 157 are food-borne pathogens and Campylobacter is one of the major gastro-enteritis in people, often associated with eating chicken. Spore forming bacteria such as Clostridium spp., which are found common in dairy products are difficult to be eliminated. Temporary deactivation or die-off of pathogens differs in AD plants. Pathogen survival in AD plants range from min of 24 h up to several days. Hence a separate stage for permanent elimination of pathogens is required [START_REF] Sahlstrom | A review of survival of pathogenic bacteria in organic waste used in biogas plants[END_REF]. It validates the importance of pretreatment methods or an effective reactor design for the permanent destruction of the pathogens.

Despite no pathogenic study were studied within the scope of this research, two-stage and the AnMBR systems are often reported to have higher pathogen elimination. In two-stage systems, the pathogens are mainly deactivated or destroyed depending on the operational conditions and the type of waste [START_REF] Demirel | Two-phase anaerobic digestion processes: A Review[END_REF][START_REF] Bouallagui | Bioreactor performance in anaerobic digestion of fruit and vegetable wastes: A Review[END_REF][START_REF] Bouallagui | Bioreactor performance in anaerobic digestion of fruit and vegetable wastes[END_REF][START_REF] Blonskaja | Use of two-stage anaerobic treatment for distillery waste[END_REF][START_REF] Riau | Assessment of solid retention time of a temperature phased anaerobic digestion system on performance and final sludge characteristics[END_REF]. In AnMBR systems the pathogens are rejected by the membranes, hence the effluent can be directly used for agricultural purposes such as fertigation [16,17,[START_REF] Prieto | Development and start up of a gas-lift anaerobic membrane bioreactor (Gl-AnMBR) for conversion of sewage to energy, water and nutrients[END_REF].

In overall, the two-stage and AnMBR systems have superior performance over a conventional one-stage CSTR. Nonetheless, the operation of both of them are more sophisticated, the capital cost is higher, and for AnMBR systems the influent needs to be extensively pretreated to prevent from a possible clogging and fouling of the membrane lumens.

Future research perspectives

The batch experimental results showed that the biomethane potential can be enhanced through various methods. To scale-up operation for a batch system the operation is less complicated as compared to continuously operating reactors. Hence, the process needs to be optimized for a continuous operation, and the engineering challenges are encouraged to be studied further for a full-scale application. There are only a few examples of the thermal hydrolysis (e.g. thermal pretreatment) that have been applied at a full-scale such as the Cambi, Porteous, and Zimpro process. It should be noted that these methods are all applied for WWTP sludge, and concerning organic solid waste such as FW only the Cambi and a few two-stage AD systems are also applied at full-scale. In general, the high water and energy consumption is still the main downfall of AD.

To reduce water consumption and provide better alkalinity the digestate re-circulation is a good option. However, a high TAN is accumulated when digestate is re-circulated, causing an inhibition on the acetotrophic methanogens [START_REF] Fotidis | Bioaugmentation with an acetateoxidising consortium as a tool to tackle ammonia inhibition of anaerobic digestion[END_REF]. Numerous studies have been conducted on the removal and recovery of TAN. The most recent successful integration of such technology for FW digester is the side-stream stripping with the produced biogas and trapping of ammonia gas while recovering value-added high nitrogen digestate [START_REF] Serna-Maza | Ammonia removal in food waste anaerobic digestion using a side-stream stripping process[END_REF]. Although such technologies deal with the final products, it does not solve the source of the problem. It is well documented that possible inhibitors including TAN, sulphide, long-chain fatty acids and cations result in a higher propionic acid concentration in the digesters [START_REF] Angelidaki | Thermophilic anaerobic digestion of livestock waste: the effect of ammonia[END_REF][START_REF] Chen | Inhibition of anaerobic digestion process: A review[END_REF]. Propionic acid accumulation further inhibits the methanogens, and consequently all VFA concentrations increase causing an imbalance of the reactors. The propionic acid utilizers are the most delicate microbial community in the AD food web [START_REF] Chen | Inhibition of anaerobic digestion process: A review[END_REF][START_REF] Pullammanappallil | Stable performance of anaerobic digestion in the presence of a high concentration of propionic acid[END_REF]. Therefore, understanding the physiology of propionic acid utilizers and reversing the inhibition on them could solve not only solve TAN but other inhibitions as well. Supplementation of the particular trace elements in the optimal concentration should balance the requirements and could recover a not fully operating digester [START_REF] Raposo | Anaerobic digestion of solid organic substrates in batch mode: An overview relating to methane yields and experimental procedures[END_REF][START_REF] Zhang | Update and mass balance of trace metals for methane producing bacteria[END_REF]. Methanobacterium wolfei and Methanococcoides methylutens have been well documented for AD of various substrates. Nevertheless, the concentration of trace elements requirement for the AD of organic solid waste (OSW) still needs to be optimized, and its effects on the biochemical pathways are to be identified. In general the most important TE for OSW, especially for FW are Se, W, Co and Fe. [13,15,[START_REF] Facchin | Effect of trace elemet supplementation on the mesophilic anaerobic digestion of food waste in batch trials: The influence of inoculum origin[END_REF]. Glass and Orphan (2012) reported an extensive review summarizing the anaerobic pathways and the microbial population associated with the trace elements including Fe, Ni, Co, Zn, Mo and W, and highlighted the importance of Fe as it is contained in all the pathways, although their review excluded Se [START_REF] Glass | Trace metal requirements for microbial enzymes involved in the production and consumption of methane and nitrous oxide[END_REF]. The importance of both Se and Fe in FW digestion was documented with this research (Chapter 5) and it is in line of previous studies [13,14,36,[START_REF] Facchin | Effect of trace elemet supplementation on the mesophilic anaerobic digestion of food waste in batch trials: The influence of inoculum origin[END_REF].

Understanding the involvement of microbial population would be useful to control the performance of AD reactors [35,[START_REF] Niu | Microbial community shifts and biogas conversion computation during steady, inhibited and recovered stage of thermophilic methane fermentation on chicken manure with a wide variation of ammonia[END_REF]. Particularly, the identification of the specific activity and the behaviours of acetotrophic and hydrogenotrophic methanogens need to be studied. Microbial population selection according to the type of the substrate to be anaerobically digested and manipulating them to obtain the desired products should result in a stable and efficient reactor performance [START_REF] Demirel | The roles of acetotrophic and hydrogenotrophic methanogens during anaerobic conversion of biomass to methane: A Review[END_REF]. Manipulating the microbial community in the reactor brings back the importance of the trace elements. Hence, further studies are needed to be addressed to the gaps in microbial physiology and the bioavailability of TE.

Stage separation is important for reactor stabilization, and more works need to be done on the process modelling as well as control. There are few sensors that are sufficiently robust to monitor online the process performance, but the use of electrochemical probes and spectroscopic scanning has proven successful, although hydrogen sulphides inhibit them, and hence their application should be further studied and optimized.

Although AnMBRs perform superior in lab and pilot scale, the advantages still need to be proven at full-scale. Future researches on membrane reactors should focus on the reduction of energy demand, water recycling, membrane fouling and its cleaning strategies [START_REF] Judd | The status of membrane bioreactor technology[END_REF][START_REF] Drexler | Membrane applications for microalgae cultivation and harvesting: A Review[END_REF][START_REF] Rajagopal | Sustainable agro-food industrial wastewater treatment using high-rate anaerobic process[END_REF]. A special attention should be given to membrane fouling and the following questions need to be answered: i) the differences between aerobic and anaerobic membrane fouling; ii) how reactor operations can affect the fouling; and 3) how different additives influence fouling [16].

Furthermore, considering the superior performance of two-stage and AnMBR systems, a novel technology can be developed by integrating them. A few research have been conducted to treat OSW using this approach, and showed high potential for improved reactor efficiency [START_REF] Jeong | Enhancement of bioenergy production and effluent quality by integrating optimized acidification with submerged anaerobic membrane bioreactor[END_REF][START_REF] Tzcinski | Anaerobic digestion of the organic fraction of municipal solid waste in a two-stage membrane process[END_REF][START_REF] Tzcinski | Continuous treatment of the organic fraction of municipal solid waste in a two-stage membrane process with liquid recycle[END_REF][START_REF] Tzcinski | Performance of a three-stage membrane bioprocess treating organic fraction of municipal solid waste and evolution of its archael and bacterial ecology[END_REF], although the process still needs to be optimized further to achieve a higher removal efficiency and a better control of membrane fouling. 
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  batch and continuous experiments at lab scale. The specific objectives and related subobjectives of the research were as follows: 1. To study the effects of various pretreatment methods by (a) setting the optimum thermal pretreatment temperature and time; (b) determining the optimum ozone concentration range; (c) studying the effect of thermophilic shock pretreatment on mesophilic AD; (d) estimating the net energy balance of pretreatment methods. 2. To investigate the effects of supplements on the AD of FW by (a) examining the effect of trace elements addition; (b) determining the bioaugmenting effect of zoo animals' dung. 3. To compare reactor configurations through continuous experiments by (a) studying and comparing one-stage and two-stage CSTR performance; (b) investigating the potential of AnMBR for high-load AD process.
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 12728 Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review Pretreatment methods to enhance anaerobic digestion of organic solid waste: A Review decrease in biogas production * NA -Not Available Feasibility of a full scale application This review showed pretreatment methods can enhance the AD performance. Nevertheless, the high capital cost, high consumption of energy, required chemicals and sophisticated operating conditions (maintenance, odor control etc.) are the major factor hindering their fullscale application [77, 124, 134-136]. There are only a few examples of the thermal hydrolysis process (THP) that have been applied at a full-scale such as the Cambi, Porteous, and Zimpro process, and thermochemical pretreatment methods such as Synox, Protox, and Krepro. It should be noted that these methods are all applied for WWTP sludge. Concerning OFMSW, only a few mechanical pretreatment methods (Figure2.1), Cambi THP (Figure2.2), and an AD with a pre-hydrolysis stage (two-stage AD, Figure2.3) have been applied at a full scale.
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 21 Figure 2.1: Mechanical pretreatment methods to enhance AD of OFMSW: A) Screw press; B) Disc screen; C) Shredder with magnet [53]
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 21222723 Figure 2.1: Mechanical pretreatment methods to enhance AD of OFMSW: A) Screw press; B) Disc screen; C) Shredder with magnet Source: Adapted from Hansen et al., (2007)[START_REF] Angelidaki | Thermophilic anaerobic digestion of livestock waste: the effect of ammonia[END_REF] 

  Figure 2.3: A simplified scheme of two-stage AD Source: Adapted from Ge et al. (2010) [95]
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 31 CBP curves of FW pretreated at various temperatures for (A) 1 hour and (B) 30 min
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 32 Figure 3.2: Effect of thermal pretreatment on the specific biomethane production during the initial 20 days of the BMP test 3.3.2.2 Thermal pretreatment: effect of pretreatment time Figure 3.3 show that all pretreatment conditions applied resulted in a higher CBP when compared to the production of untreated FW. As shown in Figure3.4 the highest SBP achieved was with 1.5 hours of pretreatment and amounted to 647.5 ± 10.6 and 510.6 ± 11.9 mlCH 4 /gVS at 80 and 70 °C, respectively. It is interesting to note that after 14 days of biomethanation, the substrate treated at 80 °C for 1.5 hours showed a sudden increase in biomethane production, making up an additional increase to the CBP curve. Longer pretreatment times of 4 and 8 hours resulted in a higher SBP as compared to the untreated FW, though the accumulated increase is less when compared to the SBP of 1 hour pretreated FW at the same temperature. It is worthwhile to note that the FW pretreated at 70 °C and 80 °C for 4 and 8 hours turned light brownish.
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 3334 Figure 3.4: Effect of (A) 70 °C and (B) 80 °C thermal treatment time on the biomethane production during the initial 20 days of the BMP test

  energy for ozonation pretreatment exceeds the energy that can be generated from the extra biomethane produced.
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 36 Figure 3.6: Effect of ambient air temperature on the net energy production from thermal pretreatment at 80 °C for 1.5 hour
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 54 Figure 5.4: Effect of Me (VI) on the SBP of FW: A) Cumulative methane curves; B) SBP
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 63 Figure 6.3: Effect of dung mixture percentages on the net SBP of FW: A) Giraffe; B) Sloth bear; C) Koala
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 77173373311 Figure 7.1: Effect of TAN on process parameters of the batch anaerobic digestion of FW: A) Cumulative biomethane production of FW; B) SBP and inhibition percentage; C) Acetic acid concentration; and D) Propionic acid concentration;
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 7 3D, Figure 7.5C and Figure 7.5D). The inhibition of TAN for R1 was 10% caused by 933 mg/L TAN (Fig 5D), which is in line with the batch experimental results (Figure 7.1).
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 81 Figure 8.1: Schematic diagram of AnMBR
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 828384 Figure 8.2: Solids profile: A) TS; B) VS; C) TSS; D) VSS
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 8582 Figure 8.5: COD profile Figure 8.2 shows the profile of the solids concentration of influent, bioreactor and the effluent. Throughout the experiment, the solids concentrations in the influent and the effluent were relatively constant. The effluent TS, VS, TSS were 3.31 ± 0.61, 0.55 ± 0.53, 0.08 ± 0.01 g/L, and VSS was not detected. However, on day 43 the solids content in the effluent were increased by 3 folds. This can be explained by the degradation of organic matter in the sludge. Concomitantly, TS and VS in the bioreactor were 14.29 ± 0.01 and 9.20 ± 0.03 g/L during the operation days 7-43, and it reduced to 11.01 ± 0.27 and 6.75 ± 0.18 g/L during day 45-60 (Figure8.2A and Figure8.2B). The TSS and VSS content in bioreactor were reasonably constant at values of 3.86 ± 0.62 and 1.08 ± 0.55 g/L. Moreover, the decrease of TSS and VSS on day 60 and 76 were caused by a loss of biomass due to malfunctioning of the peristaltic pumps and float switch, whereas the decrease on day 64 and 81 were due to no feeding as a result of over-feeding events.
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Figure 8 . 7 :

 87 Figure 8.7: COD balance

Figure 4

 4 
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3 Table 1 .

 31 1 Advantages of AD

	Aspects	Feature of benefits
	Waste treatment	A natural waste treatment process is performed
	benefits	Waste volume and weight are reduced
		Recycling is maximized
	Energy benefits	A renewable fuel is generated
		Net energy is produced
		Reliance on energy imports is reduced
	Environmental	The natural carbon cycle is not altered
	benefits	GHG emissions are reduced
		Less land is required as compared to other OSW treatments
		More controlled air pollution (less production of malodorous gases)
		No landfill leachate is produced
		Dependence on inorganic fertilizers is minimized by recovering and reuse of
		nutrients present in waste
		Pathogens proliferation is prevented
	Economic benefits Produced biogas can be used as a source of electricity, heat, and
		transportation fuel
		Digestate can be used as fertilizer and soil conditioner

Table 1 .

 1 2 Disadvantages of AD

	Aspects	Feature of limitations
	Operational	Start-up times are long
		Capital costs are high
		Retention times could be long (depending on the characteristics of the substrate)
		Addition of alkalinity and/or specific additives could be required
		Adverse environmental changes could fail the process
		Heating to achieve adequate reaction rates is required
		Explosion risk is high
	End products Further treatments to meet discharge requirements could be required
		Odours and corrosive gases could be present
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 2 1 Reviews on different pretreatment methods to enhance AD of various substrates Substrate

	Important findings
	Pretreatment methods

2.6.3 Various pretreatments combined with a two-stage AD

  

	Zhang et al. (1999)
	obtained the highest enhancement of biogas production (17%) by grinding (up to 10 mm) rice
	straw and heating it to 110 °C [103]. Chiu et al. (1997) compared the hydrolysis yield of
	sludge pretreated with a combination of ultrasonic and alkaline pretreatment. Simultaneous
	ultrasonic and alkaline pretreatment of sludge resulted in the highest hydrolysis rate of 211
	mg/l.min [25]. Wett et al. (2010) studied the disintegration of sludge pretreated at 19-21 bar
	pressure and 160-180 °C for 1 hour. The combined pretreatment resulted in a 75% increased
	biogas production at steady state, and the dewatering characteristics of the sludge were also
	improved, thus the disposal cost was reduced by 25%. However, the increased hydrolysis of
	protein caused a 64% increase of the ammonia concentration in the reactor [125], which may
	lead to process instability. Schieder et al. (2000) studied the temperature and pressure
	catalyzed (160-200 °C at 40 bar for 60 min) hydrolysis to improve the AD of SS, and
	achieved a 70% higher biogas recovery at 5 days shorter digestion as compared to AD of
	untreated SS [126].
	Considering the first stage of two-stage AD as biological pretreatment, three-stage processes
	can be classified as a combined pretreatment system. Kim et al. (2000) studied semi-anaerobic
	CSTRs followed by two-stage upflow anaerobic sludge blanket (UASB) reactors treating FW,
	and obtained a 95% COD removal and a biogas production of 500 mg/gVS at HRT of 16 days
	[127]. The same research group also reported that the same amount of biogas with a higher
	methane content (67.4%) could be obtained at a lower HRT (10-12 days) by increasing the
	temperature of the acidogenic stage from mesophilic to thermophilic [128]. Kvesitadze et al.
	(2012) studied the two-stage thermophilic co-digestion of OFMSW and pretreated corn stalk
	by freeze explosion. The best results of 104 mlH 2 /gVS and 520 mlCH 4 /gVS were obtained
	with alkaline (pH=9) pre-hydrolysis, which could increase the heat and electricity production
	by 23% and 26%, respectively, as compared to the single stage process design [129]. Kim et
	al. (2012) investigated the hydrogen and methane production by a two-phase AD system fed
	with thermally pretreated FW; they found at least 3.4 days were necessary to produce
	hydrogen from FW [130]. Moreover, recycling the methanogenic effluent to the hydrogenesis
	step was applied to reduce water usage, which further increased the hydrogen production by
	48% [130, 131].

Table 2 .

 2 3 Sustainability evaluation of pretreatment methods to enhance OFMSW

	Pretreatment Method	Efficiency Energy requirement	Environmental
			and economic cost	impact
	Mechanical	+++	++	+
	Thermal at high temperatures	+	+	+++
	(>110 °C)			
	Thermal at low temperatures	+++	+++	+++
	(<110 °C)			
	Conventional biological methods	+	+++	+++
	(enzyme addition, composting etc.)			
	Two-stage AD (anaerobic pre-	+++	+++	+++
	hydrolysis)			
	Chemical	+++	+	+
	Thermochemical	+++	+	+

  /www.aseanenvironment.info/Abstract/41015401.pdf 83. Chen Y, Chen J.J., Creamer K.S (2008), Inhibition of anaerobic digestion process: A review, Bioresource Technology; 99: 4044-4064 84. Kugelman I.J., McCarty P.L. (1965), Cation Toxicity and Stimulation in Anaerobic Waste Treatment, Journal of Water Pollution Control Federation; 37: 97-116 85. Schmidt J.E. and Ahring B.K. (1993), Effects of magnesium on thermophilic acetate degrading granules in upflow anaerobic sludge blanket (UASB) reactors, Enzyme and Microbial Technology; 15: 304-310 86. Zhang L. and Jahng D. (2012), Long term anaerobic digestion of food waste stabilized by trace elements, Waste Management 32: 1509-1515 87. Facchin V., Cavinato C., Fatone F., Pavan P., Cecchi F., Bolzonella D. (2013), Effect of trace elemet supplementation on the mesophilic anaerobic digestion of food waste in batch trials: The influence of inoculum origin, Biochemical Engineering Journal 70: Ge H., Jensen PD., Batsone DJ. (2011), Temperature phased anaerobic digestion increases apparent hydrolysis rate for waste activated sludge, Water Research; 45: 1597-1606 98. Hartmann H. and Ahring BK. (2006), Strategies for the anaerobic digestion of the organic fraction of municipal solid waste: an overview, Water Science and Kim S., Cheon H-C., Lee C-Y (2012)., Enhancement of hydrogen production by recycling of methanogenic effluent in two-phase fermentation of food waste, International Journal of Hydrogen Energy; 37: 13777-13782 131. Chinellato G., Cavinato C., Bolzonella D., Heaven S., Banks C.J. (2013), Biohydrogen productin from food waste in batch and semi-continuous conditions: This chapter has been published as: Javkhlan Ariunbaatar, Antonio Panico, Luigi Frunzo, Giovanni Esposito, Piet NL Lens, Francesco Pirozzi (2014), Enhanced anaerobic digestion of food waste by thermal and ozonation pretreatment methods, Journal of Environmental Management 146:142-149
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 3 1 Composition of synthetic FW used for the experiment

	% Wet weight fraction Average from	Distribution of	Final concentration
		literature review (%) a	miscellaneous fraction over the known a fraction (%)	applied in the BMP test (%)
	Fruits and vegetables	58.4	20.2	78.6 ~ 79.0
	Pasta/rice/flour/cereals 3.6	1.3	4.9 ~ 5.0
	Bread and bakery	4.7	1.7	6.4 ~ 6.0
	Meat and fish	6.1	2.1	8.2 ~ 8.0
	Dairy products	1.4	0.5	1.9 ~ 2.0
	Miscellaneous	25.8	-	0
	Total	100	25.8	100
	a MTT Agrifood Research Finland (2010)		

Table 3 .

 3 2 Characterization of FW and inoculum used in this experiment

		FW	Inoculum
	TS, %	22.2 ± 0.2	2.7 ± 0.2
	VS, %	21.1 ± 0.2	1.5 ± 0.1
	VS/TS, %	89.9 ± 1.9	57.0 ± 1.8
	Protein, %VS	14.3 ± 1.8	59.3 ± 5.2
	Lipid, %VS	9.2 ± 1.1	38.7 ± 5.3
	Carbohydrate, %VS	76.5 ± 0.7	2.1 ± 0.1
	TKN	4.7 ± 0.6 g/kg	0.8 ± 0.1 g/L
	3.3.		

2 Cumulative biomethane production 3.3.2.1 Thermal pretreatment: effect of pretreatment temperature

  

Table 3 .

 3 

	3 Cost benefit analysis of ozonation pretreatment	
		0.034 gO 3 /gTS	0.068 gO 3 /gTS
	Extra biomethane (V, m 3 /tonFW)	7.4 ± 0.1	8.7 ± 0.9
	Extra energy (kWh/tonFW)	40.8 ± 0.5	48.2 ± 4.8
	Required ozone (kgO 3 /tonFW)	7.55	15.10
	Required extra energy (kWh/tonFW) 160.77	321.54
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 4 1 Characterization of FW and inoculum

		FW	Inoculum
	TS, %	23.7 ± 0.8	2.24 ± 0.1
	VS, %	21.6 ± 0.3	1.43 ± 0.3
	Proteins, %VS	17.2 ± 0.8	56.5 ± 2.5
	Lipids, %VS	10.6 ± 0.3	40.7 ± 3.7
	Carbohydrates, %VS	71.5 ± 0.5	3.1 ± 0.5
	TKN	4.0 ± 0.1 g/kg	1.3 ± 0.1 g/L
	4.3.		

2 Effect of TPP on temperature and treatment time on Mes.AD

  

	The CBP curve plateau was obtained after 20 -25 days of incubation, although the
	methanogenic activity was completely ceased reaching zero production after 134 days (Figure
	4.1). TPP at 50 °C resulted in the highest biomethane production during both the TPP and
	mesophilic biomethanation stage, yielding 44.6 (± 0.6), 36.1 (± 4.5), 31.1 (± 0.8), 15.7 (±
	0.8)% higher CBP than the control (i.e. MesAD of untreated FW) with 12, 24, 36, and 48
	hours pretreatment time, respectively (Figure

Table 4

 4 

	.2 Energy requirements for the pretreatment methods		
		Unit	TTP 50 ºC 6 h TTP 50 ºC 12 h TP 80 ºC 1.5 h
	Extra biomethane	m 3 /tonFW	41.3 ± 0.9	39.7 ± 0.9	41.5 ± 5.8
	Extra energy produced	kWh/tonFW	227.9 ± 5.1	219.1 ± 5.1	229.4 ± 32.3
	Total energy requirement kWh/tonFW	633.1	639.5	71
	Net energy	kWh/tonFW	-405.1 ± 5.1	-420.4 ± 5.1	158.4 ± 32.3

  2 

  •6H 2 O, CuCl 2 •2H 2 O, MnCl 2 •2H 2 O, MnCl 2 •2H 2 O, FeCl₂•4H₂O CoCl₂•6H₂O, ZnCl 2 , Na 2 SeO 4 , Na 2 MoO

4 ) was prepared. Eight different concentrations (5, 10, 50, 100, 500 µg/L, and 1, 3, 10 mg/L) of TE cocktail solution were added for the first set of batch experiment.

Table 5 .

 5 1 Concentration of TEs in the FW and inoculum

		Buffalo manure (µg/gTS)	FW in EU (µg/gTS)	FW in US (µg/gTS)
	Fe	682.72 ± 28.78	213.91 ± 24.50	510.93 ± 7.34
	Ni	4.93 ± 0.05	3.97 ± 1.32	11.25 ± 0.95
	Mn	107.78 ± 26.88	52.12 ± 5.10	20.33 ± 5.86
	Co	1.35 ± 0.45	0.73 ± 0.07	2.73 ± 0.08
	Cu	28.72 ± 22.07	3.97 ± 0.66	22.27 ± 4.65
	Zn	214.42 ± 137.72	239.07 ± 33.77	361.34 ± 4.27
	Se	4.81 ± 0.06	0.00	13.39 ± 4.51
	Mo	7.32 ± 2.41	1.99 ± 0.66	10.67 ± 5.70
	W	<0.03	N/A	0.43 ± 0.02

* N/A -not available

5.3.2 Effect of TE concentration on AD of FW

Figure. 5.1 illustrates net SBP after 20 days of biomethanation test. The control had 421.19 ± 14.58 mlCH 4 /gVS added , which is a good agreement with the literature
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	Fe	682.72 ± 28.78	213.91 ± 24.50	510.93 ± 7.34
	Ni	4.93 ± 0.05	3.97 ± 1.32	11.25 ± 0.95
	Mn	107.78 ± 26.88	52.12 ± 5.10	20.33 ± 5.86
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3.2 Effect of TE concentration on AD of FW Figure

  . 5.1 illustrates net SBP after 20 days of biomethanation test. The control had 421.19 ± 14.58 mlCH 4 /gVS added , which is a good agreement with the literature

Table 5 .

 5 2 shows the overall enhancement/inhibition on the net specific biomethane production (SBP) of European FW, with respect to the concentrations of the TE cocktail solution. The best SBP results of 499.6 2 ± 8 mlCH 4 /gVS added and 489.89 ± 7.29 mlCH 4 /gVS added , which are 18.70 ± 2.21% and 16.04 ± 5.75% higher than the control were achieved with a supplementation of 50 and 10 µg/L of TE cocktails, respectively. Hence, the optimum TE supplementation concentration range is 10 -50 µg/L for this particular type of inoculum and FW.

													30
			500							499.62	487.89	
	Specific biomethane production,	mlCH 4 /gVS	100 200 300 400	421.19	352.89	379.92	396.64	433.10	448.04			441.28	-20 -10 0 10 20	Enhancement/inhibition of SBP, %
			0										-30
				Control	C1	C2	C3	C4	C5	C6	C7	C8

.1: Effect of TE cocktail concentration on the SBP of FW added Fig

Table 5 .

 5 2: Enhancement/inhibition of SBP with respect to the TEs concentrations Total of TE cocktail solution added to the different groups were 50 µg/L, as it resulted in the highest enhancement during the first set of experiment. The cocktail with Co, Ni and Fe resulted in the highest SBP of 481.31 ± 10.13 mlCH 4 /gVS added, followed by Co, Ni, Fe, and Zn cocktail (472.37 ± 8 mlCH 4 /gVS added ). The increase of SBP by Co, Ni cocktail and all Me (II) cocktail were almost similar with negligible difference (459.95 ± 8.85 and 462.78 ± 12.41 mlCH 4 /gVS added ).

		Concentration added	Inhibition/Enhancement of SBP, %
	C1	10 mg/L	-16.11 ± 2.99
	C2	3 mg/L	-9.63 ± 4.73
	C3	1 mg/L	-5.73 ± 2.76
	C4	500 µg/L	3.00 ± 5.04
	C5	100 µg/L	6.48 ± 2.97
	C6	50 µg/L	18.70 ± 2.21
	C7	10 µg/L	16.04 ± 5.75
	C8	5 µg/L	4.80 ± 0.88

5.3.3 Effect of Me (II) and Me (VI) on AD of FW

The effects of TEs in groups were studied in the selected concentration range. Figure

5

.2 shows the effect of the four different group of Me (II): 1) Cobalt and nickel (Co, Ni); 2) Cobalt, nickel and iron (Co, Ni, Fe); 3) Cobalt, nickel, iron and zinc (Co, Ni, Fe, Zn); and 4) Cobalt, nickel, iron, zinc, manganese and copper (Co, Ni, Fe, Zn, Mn, Cu).

Table 6 .
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	1: Diets of the zoo animals
	Animals	Diets per day
	Koala	5 bundles of eucalyptus
	Giraffe	14 commercial pellets and 3 bundles of romaine
	Llama	1 commercial pellet and free choice of hay
	Sloth bear	7.5 cups of ground leafeather in cod liver oil and 2 bananas (209g), 2 apple
		(250g) and 2 orange (370g)
	Tiger	5 box of commercial beef for 5 days and 2 days of fasting

Table 7 .
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Table 1

 1 Operational parameters of R1 and R2.

	Parameters	One-stage CSTR (R1)	Two-stage CSTR (R2)
			First stage	Second stage
	Run 1			
	pH	6.6-7.2	3.2-5.5	6.7-7.2
	OLR (gVS/LÁd)	1.2	1.2	1.2
	HRT (d)	20	2	18
	Run 2			
	pH	7.2-7.4	5.2-6.1	7.2-7.6
	OLR (gVS/LÁd)	0.3	0.3	0.3
	HRT (d)	40	4	36
	Run 3			
	pH	7.2-7.4	4.0-5.1	7.4-7.6
	OLR (gVS/LÁd)	0.4-0.9	0.4-0.9	0.4-0.9
	HRT (d)	40	4	36

Table 7 .

 7 2 shows the physical and chemical characteristics of the synthetic FW and inoculum.

	The synthetic FW contains mostly carbohydrates (67.75 ± 3.82 %VS), a balanced
	concentration of proteins (16.45 ± 0.19 %VS) and lipids (16.36 ± 0.82 %VS) making it a
	suitable substrate for anaerobic microbes. The inoculum contains mostly proteins (50.57 ±
	1.29 %VS), lipids (33.15 ± 0.36 %VS) and a small amount of carbohydrates (16.28 ± 1.62
	%VS), suggesting that the VS in the inoculum consist mainly of microbial biomass.
	Table 7.2: Characteristics of substrate and inoculum	
	Parameter	Food waste	Inoculum
	TS (%)	23.50 ± 0.60	2.23 ± 0.26
	VS (%)	22.06 ± 0.16	1.13 ± 0.19
	Proteins (%VS)	16.45 ± 0.19	50.57 ± 1.29
	Lipids (%VS)	16.36 ± 0.82	33.15 ± 0.36
	Carbohydrates (%VS)	67.75 ± 3.82	16.28 ± 1.62
	TKN (g/L)	5.82 ± 0.07	1.07 ± 0.02
	TAN (mg/L)	-	310.01 ± 19.95
	7.3.2 Batch experiments on ammonium inhibition	
	Figure 7		

  .3D) was constant during the first steady state (day 1-19), with an average SBP between 567.6 mlCH 4 /gVS added and 758.9 mlCH 4 /gVS added for R1 and R2, respectively. During the operation days 20 to 34, the biomethane production rate was not stable and less biomethane production was observed. After 2 weeks of instability, the biomethane production of the reactors became constant again during days 34 to 59. However, the biomethane production was 468.1 mlCH 4 /gVS added and 518.2 mlCH 4 /gVS added for R1 and R2, respectively, which are 17.5% and 31.7% lower as compared to the first steady state.

Table 7

 7 

	.3). The calculated IC 50 based on the batch

Table 7 .

 7 3: IC 50 of TAN and FA As a result of the re-circulation of LFD, the TAN concentration increased by almost 50%, reaching 933 mg/L in R1 and 1026 mg/L in R2 (Figure 7.3C) during days 20 to 34 of Run 2, and caused a lower biomethane production in this research (Figure

  , although the biomethane production was still lower as compared to the first steady state of the reactors (Figure7.3D). As suggested by Banks et al.

	new environmental condition		
	IC 50 (TAN) mg/L	IC 50 (NH 3 -N) mg/L	Reference
	11000	1450	13
	3000	220 -280	35
	-	80 -100	36
	2900	92	37
	3800	146	Present study

2 the TAN concentration fell back to the average value of 648 mg/L and 628 mg/L in R1 and R2, respectively (Figure

7

.3C). This suggests that the methanogens could have acclimated to the

  Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste 114 condition by recirculating warm water coils wrapped around the column. Each of the membrane module was a 0.88 m x 8 mm ID polyvinylidene fluoride (PVDF) tubular membrane (Norit X-Flow, F5385) with a mean pore size of 0.03 µm and overall active filtration area of 0.066 m 2 . Membrane feed was delivered by a peristaltic pump with a cross flow velocity (CFV) of 0.1 m/s. Filtration process was monitored following Prieto et al.

	(2013), using the same onsite data logger (HOBO online sensors, ONSET Computer
	Corporation, MA). Transmembrane pressure (TMP) was also calculated following Prieto et al.
	(2013)

The temperature was kept at mesophilic

(35 ± 2 °C) 

  Figure 8.2 shows the VS in the bioreactor and influent were 14.53 ± 0.43 and 6.09 ± 1.44 gVS/L, respectively. However, after 7 days of operation, the reactor VS was reduced to 9.08 ± 0.43 gVS/L. To keep the food to inoculum ratio of 0.5 gVS/gVS the influent VS was also reduced accordingly. After day 7 the VS in the influent was kept in the range of 3 -4.7 mg/L, making a reduction of the OLR as compared to the original plan described in Section 8.2.4. The influent TS, VS, VSS were 6.68 ± 0.28, 3.66 ± 0.29, 2.05 ± 0.36 g/L, respectively (Figure8.2). The soluble concentrations of TAN, TN and TP in the influent were 23.42 ± 0.48, 15.69 ± 0.7 and 110.28 ± 2.46 mg/L (Figure8.3).

	1, 18.7 ± 2.4, 13.1
	± 0.1, 4389.7 ± 10.7, 3886.0 ± 11.6, 396.7 ± 2.4, 405.0 ± 18.7 and 103.8 ± 7.0 mg/L,
	respectively. TS of the synthetic FW was always in the range of 238.6 -266.6 mg/kg, and
	>95% were volatile solids.
	8.3.2 Performance of AnMBR
	8.3.2.1 Stability of AnMBR
	Figure 8

  Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste Influence of hydraulic retention time and organic loading rate on the performance of Figure8.3 shows the nutrients profile of the AnMBR process. The TAN concentration in the bioreactor and the effluent were 210.75 ± 0.08 and 162.63 ± 1.04 mg/L, respectively during day 1-50, however day 51 until the end of the experiment it reduced to 138.28 ± 0.72 and 122.80 ± 1.93 mg/L (Figure8.3A). The higher TAN level explains the slightly higher pH during the period of day 1-50 (Figure8.2A).The concentrations were higher during the first 2 weeks of the experiment, and slightly decreased and stabilized from day 15, which can be explained by the release of the artefact interstitial nitrogen and phosphorus from the sludge. After the stabilization the soluble TN concentration in the bioreactor and the effluent were 231.03 ± 8.[START_REF] Demirel | Two-phase anaerobic digestion processes: A Review[END_REF] and 80.91 ± 1.3 mg/L, respectively (Figure 8.3B). The soluble concentrations of TP in the bioreactor and effluent were 122.38 ± 2.28 and 60.36 ± 0.19 mg/L, respectively (Figure 8.3C).

	AnMBR treating food waste
	8.3.2.3 Nutrients (TAN, TN, TP)
	121

Table 8 .

 8 Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste Influence of hydraulic retention time and organic loading rate on the performance of AnMBR treating food waste 122 maximum COD removal efficiency by the biological activity at 8 ± 0.3 gCOD/L.d, while increasing OLR of a thermophilic AnMBR from 5 to 12 gCOD/L.d [15]. Nagao et al. (

	1: Biogas production		
	HRT	VS added (g/d)	Biomethane L/d	% Methane in biogas
	20	1.97 ± 0.02	0.93	-
	10	3.63 ± 0.05	1.71	-
	7	5.72 ± 0.25	2.70	-
	5	11.25 ± 0.69	5.31	49.6
	3	13.07 ± 0.31	6.17	67.6
	1	30.02 ± 0.05	14.17	70.5
	8.3.4 COD balance			
	Figure 8.7 illustrates the COD balance, which calculated based on the influent COD,

biomethane production, COD in effluent. The highest COD to methane conversion (76.71%) was obtained with OLR 1.84 gCOD/L.d. After this period the methane conversion rate reduced to 52.05% and 45.81% at OLR of 3 and 8.65 gCOD/L.d, respectively. A similar trend of biological activity reduction was observed with

[START_REF] Wijekoon | Effect of organic loading rate on VFA production, organic matter removal and microbial activity of a two-stage thermophilic anaerobic membrane bioreactor[END_REF]

, who reported the

Table 8 .
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		2: Membrane performance			
	HRT	Q (L/d)	Flux (LMH) TMP (bar)	Q* (L/d)	HRT*(d)
	20	0.50	7.18	0.28	0.54	18.50
	10	1.00	8.26	0.20	1.21	8.29
	7	1.43	7.71	0.24	1.66	6.04
	5	2.00	12.26	0.18	1.93	5.18
	3	3.33	13.66	0.20	3.48	2.88
	-	10.00	9.53	0.32	7.27	2.41
	1	10.00	14.21	0.28	11.40	0.88

Table 9 .

 9 1: The highest enhancement of SBP achieved with different methods

	Method
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EFFECTS OF THERMOPHILIC AND THERMAL PRETREATMENTS ON MESOPHILIC ANAEROBIC DIGESTION

OF FOOD WASTE CHAPTER 4 This chapter has been submitted to Waste Management as: Ariunbaatar J., Panico A., Lens P.N.L., Yeh D.H., Pirozzi F., Esposito G., Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste

Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste

Effects of thermophilic and thermal pretreatments on mesophilic anaerobic digestion of food waste 64 In detail, both TPP and TP at 50 and 55 °C resulted in a 20 -59% higher COD solubilisation than the control, and after 25 days of digestion all digestates except for the one by TPP at 55 °C for 12 hours showed a similar level of CODs concentration. Even though higher temperatures (55 and 60 °C) and a longer treatment times (>12 hours) of TPP caused a higher COD solubilization as shown in Figure 4.5A, the methanogenic activity was inhibited, and thus the CODs concentration at the end of the BMP test was 16 -60% higher than the control. On the contrary, the TP at 60 °C resulted in a loss of organics yielding a 1 -9 % lower CODs. It is also interesting to note that TP at 80 °C for 1.5 hours yielded the highest COD solubilization that at the end of the BMP test was almost completely consumed, as the final CODs concentration was only 144 (± 72) mg/L higher than the control. 

Analytical Methods

Total solids (TS), volatile solids (VS), total alkalinity analyses were conducted according to the standard methods [12]. The soluble chemical oxygen demand (CODs) was measured with Hach test kits following the manufacturer's guidelines (HACH, Loveland, Colorado, USA). The soluble carbohydrates were measured with phenol-sulphuric method, using glucose as standard solution [13], and soluble proteins was measured by modified Lowry method using bovine serum albumin (BSA) as standard solution [14].

CHAPTER 8

INFLUENCE OF HYDRAULIC RETENTION TIME AND ORGANIC LOADING RATE ON THE PERFORMANCE OF AnMBR TREATING FOOD WASTE