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ABSTRACT 

Increasing amounts of food waste (FW) are being generated around the globe. The most common 

disposal route for this FW is landfill, contributing to the emission of greenhouse gases (GHG), 

soil and groundwater pollution and undesirable leachates. Recovery of energy from FW (e.g. in 

combined heat and power systems and methane production) is generally achieved through 

anaerobic digestion (AD).  The consequent increase of AD technology used worldwide has 

resulted in a significant growth in the amount of digestate produced, increasingly used for soil 

amendment. Strict land regulations, land shortages and rising disposal costs (including gate fees) 

requires digestate management to be re-thought. This study addresses strategies to optimise 

biomethane production from FW under mesophilic anaerobic conditions (MAD). 

The first strategy identifies the best combination of particle size and inoculum-to-substrate ratio 

(I/S) for biomethane production without nutrient supplementation. An I/S ratio of 3 combined 

with a 1 mm particle size promotes a stable digestion process and increases methane yield by 95% 

with respect to yield for and I/S of 1. 

The second strategy addresses the effects on AD of pre-treating the FW with microwave (MW) 

irradiation. Improved hydrolysis rate, reduced T80 and higher methane yields are obtained when 

compared with untreated samples. Optimum MW heating parameters (final temperature 85°C, 

heating rate 7.8ęC/min) are identified from a range of four final temperatures and three heating 

rates. A higher final temperature regardless of the heating rate, resulted in poor process 

performance due to bacterial inhibition, probably related to the formation of Maillard compounds 

(phenols and melanoidins). Solid fraction removal resulted in a 65% increase in methane yield 

compared to the digestion of raw FW, and up to a 74% increase in methane yield obtained when 

compared to the digestion of MW FW whole fraction. 

The third strategy addresses the effects of re-circulating MW pre-treated digestate into the MAD 

of FW in a proposed new cascade process. This novel approach has several advantages over 

digestion of raw FW alone including: a) avoidance of system acidification; b) amelioration of 

TVFAs/alkalinity ratio and c) increased biodegradability. Energy recovery from digestate was 

successfully achieved for all of the conditions tested. This strategy resulted in increases of 109% 

and 132% in methane yield in relation to when MW FW treated at a final temperature of 85°C 

and a heating rate of 7.8ęC/min, and in relation to raw food waste digested alone, respectively. 

Combining AD with MW pre-treatment has a lower environmental impact (reducing the carbon 

footprint by 98%) than food waste disposed to landfill and thus represents an attractive strategy 

for food waste and digestate management. There is a positive net energy balance for selected 

scenarios suggesting that residual energy in the form of biomethane can be recovered from 

digestate and FW using the cascaded process proposed here transforming these substrates from a 

cost to a source of revenue.   
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CHAPTER 1 

1. INTRODUCTION  

1.1 Justification 

Recent population growth together with increasing urbanization has led to increased generation 

of organic waste including Municipal Solid Waste (MSW). As of 2011, the world generated an 

estimated two billion tonnes of MSW (Amoo and Fagbenle, 2013). It is predicted that, globally, 

approximately 2.5·109 tonnes of Food Waste (FW) will be generated by 2025 (Karthikeyan et al., 

2018). According to the Intergovernmental Panel on Climate Change (IPCC, 2006), MSW (which 

excludes industrial waste) comprises plastic, metal, glass, textile, wood, rubber, leather, paper, 

food and others. FW is a mixture of organic materials that can originate from the processing, 

sorting, cooking, preparation and handling of food, and makes a dominant contribution to MSW 

(25ï70%)  (Ariunbaatar et al., 2015). From the moment food is produced, to its packaging, 

distribution and storage, it requires the use of a range of environmental resources such as water, 

land, fertilizer, fuel and energy. It also requires human labour and capital. Most of these stages 

emit Greenhouse Gases (GHG) thereby contributing to climate change (Xu et al., 2015). 

According to the Waste Resources Action Programme (WRAP, 2020), the annual FW arising 

within UK households, hospitality and food service (HaFS), food manufacture, retail and 

wholesale sectors in 2018 was around 9.5 million tonnes, representing a 5% increase in relation 

to 2012. Of this total, 70% was classified as avoidable waste and 30% (the óinedible fractionô) 

was classified as unavoidable waste. This represented a financial drain of £19 billion, and was 

responsible for the emission of more than 25 million tonnes of GHG (WRAP, 2020). 

FW management is a challenging task due its high moisture content and propensity to decay 

rapidly under ambient conditions. Conventional disposal methods such as landfilling are not 

desirable due to  (a) methane emissions, a gas 20 ï 25 times more powerful in its greenhouse 

effect than CO2, (b) soil and groundwater pollution, (c) undesirable leachates, and (d) utilization 

of large areas of land (Zhang and Jahng, 2012). 

In Europe, the European Landfill Directive is one of the legislations applied for solid waste 

management. According to the Department for Environment, Food and Rural Affairs  DEFRA 

(2015), the UKôs Biodegradable fraction of the municipal waste (BMW) sent to landfill has 

reduced monotonically over the past years. In 2013, BMW sent to landfill was 9.2 million tonnes 

and in 2010 it was 13 million tonnes. The 2013 figure represents 26% of the 1995 baseline value, 

which comfortably met the 2013 EU target (which was set as no greater than 50% of the 1995 

baseline). However, there is a further EU target to restrict the proportion of BMW going to landfill 

to 10% by 2035. 

Nevertheless, Landfill (European Parliament and Council, 2018a),the Waste Framework 

(European Parliament and Council, 2018b), and Packaging Waste (European Parliament and 
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Council, 2018c) Directives were amended in 2018 to include new targets and actions beyond 2020 

as follows: 

¶ targets for reuse and recycling of municipal waste to be at least 55% by 2025, 

60% by 2030 and 65% by 2035; 

¶ targets for recycling of packaging waste to be at least 65% by 31 December 2025 

and 70% by 31 December 2030; 

¶ a target to reduce the proportion of municipal waste going to landfill to a 

maximum of 10% by 2035; 

¶ a ban on landfilling of waste suitable for recycling effective from 2030; 

¶ mandatory separate collection of bio-waste by 31 December 2023 and of textiles 

and hazardous waste from households by 1 January 2025; 

¶ minimum requirements for all extended producer responsibility schemes; 

¶ simplified and improved definitions and harmonised calculation methods for 

recycling rates throughout the EU. 

Despite Brexit, the United Kingdom (UK) has already adopted EU legislation into UK law and 

currently the same targets remain for the UK. Continuing effort will therefore be needed to divert 

BMW fraction from the landfill disposal route assuming the UK own regulatory targets in this 

area do not diverge significantly from those of the EU in the coming years (House of Commons, 

2016). 

As well as a reduction in the amount of biodegradable waste going to landfill, the UK government 

committed to achieving a 60% reduction in GHG emissions by 2050 (BERR and DEFRA, 2003). 

Over the coming years, the UK must overcome the energy gap resulting from the closure of coal 

and nuclear power plants, which in 2006 represented 30% of the electricity supply (Shah, 2006). 

It will also have to find ways of mitigating the fact that the fraction of energy consumption 

represented by gas is rising (from 32% in 2009 to an expected 50% in 2020), and that by 2020 up 

to 90% of the UK gas requirements will rely on imports from the Soviet Union, North Africa and 

the Middle East triangle (Remme et al., 2008). 

In this context, FW needs to be avoided, reduced or recovered. If recovered, it needs to be 

processed and recycled with a view to developing a sustainable circular economy (Karthikeyan 

et al., 2018). Moreover, if large amounts of organic waste are to be diverted from landfill, 

sustainable strategies for treating this waste and recovering valuable products including energy 

from it must be investigated. The shift towards sustainable energy systems offers a promising 

solution to reduce environmental pollution and provide an alternative fuel supply (Ramanathan et 

al., 2016; Elsayed et al., 2019). In this respect, it has been said that FW management can make 

an important contribution (Lee and Willis, 2010). 
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Recovery of energy and valuable compounds from organic wastes, including FW, is now common 

throughout Europe. The most established technology for bioenergy production is Anaerobic 

Digestion (AD). This is a microbiologically mediated process during which organic carbon 

present in biopolymers and other degradable compounds is converted to its most reduced form 

(methane) and its most oxidised form (carbon dioxide) in the absence of oxygen. Trace amounts 

of other gases such as nitrogen (N2), hydrogen (H2) and hydrogen sulphide (H2S) are also formed 

(Pind et al., 2003; Zhu et al., 2009; Madsen et al., 2011). This is a promising approach due to its 

capacity to treat and stabilize organic matter, as well as producing renewable energy in the form 

of biomethane (Pullen, 2015). It has therefore, been regarded as an attractive option for FW 

management (Veeken and Hamelers, 1999). 

AD of FW is a complex process. FW is converted into biogas or biomethane by the sequential 

actions of fermentative bacteria and methanogenic archaea, while minerals are retained in the 

digestate as nutrients. The organic carbon conversion rate is directly proportional to the biogas 

yield under well-operated conditions (Khalid et al., 2011; Karthikeyan and Visvanathan, 2013). 

AD in the United Kingdom is already well established. New reactor plants have been installed in 

the UK since 2012 at an average rate of 25 to 30 reactors/year (WRAP, 2013). In 2019, there were 

a total of 611 AD treatment plants, most of them operating on a commercial scale and processing 

different types of material including FW, manure, slurries, crop residues and purpose-grown 

crops; of this total, 111 treat agricultural waste and FW (WRAP, 2020). An increase in the number 

of AD plants, ultimately leads to an increase in the amount of digestate being produced. 

On the other hand, the UKôs recent regulations regarding digestate application to agricultural land 

and crops has become stricter. Digestate originating from mixed waste materials is now limited 

to use in land restoration projects only (WRAP, 2013). Additionally, an increased digestate 

volume will require a substantial area of land to provide a secure and suitable market for this 

product (WRAP, 2013). Not all available land, however, is suitable for digestate application. 

Reasons for this include: a) the spreading window being limited to certain times of the year (e.g. 

not being allowed in winter) and/or the land not requiring nutrients, b) the agriculture demand for 

nutrient supply fluctuating due to the crop cycle and c) land already being saturated with 

phosphorus and nitrates (Sharpley, 2016; WRAP, 2016).  

With increasing amounts of digestate being produced, the costs associated with its transportation 

and spreading has become a challenge for operators. A supplier of digested fibre in the earlier 

1990s could command up to £20/tonne (£26/tonne, 2007 prices) when selling it as a fertilizer for 

agriculture application. Digestate was therefore a profitable business at that time. However, since 

1996, the price of digestate has decreased to between £0 and £13/tonne (including delivery and 

spreading costs) in 2015. Therefore, the value of digestate to the producer is now low, and in 

some cases may be negative (WRAP, 2009; Horan et al., 2015). With third party contractors 

willing to take the material away for around £10 per cubic metre, a 30 kt AD plant could incur 

digestate disposal costs in excess of £250,000 a year (Lewens, 2011; Horan et al., 2015).  At the 
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same time, relying solely on the agricultural route for the digestate, leaves the AD industry 

exposed to a significant risk since capital-intensive enhancement methods do not favour the 

development of optional solid markets for the digestate,  

Many attempts to address these problems have been made over the past decade, including various 

innovative approaches to digestate valorisation. Most of them involve dewatering the digestate 

resulting in fibre and liquor. This has the advantage of reducing the initial volume of digestate for 

subsequent storage and off-site transportation, as well as expanding its potential markets. 

However, dewatering represents a substantial investment (high capital costs) and typically comes 

also with high maintenance costs (Horan, 2012). 

Several strategies to recover value from digestate are available once the digestate is separated into 

liquor and fibre (also known as digestate cake). The most common techniques for enhancing the 

fibre are enzymatic hydrolysis, composting, alkaline stabilization land application. All  these 

techniques are available in the United Kingdom. Most of these processes are used for converting 

the cake into a soil improver or act as a pathogen killing mechanism, and none of them results in 

energy recovery or elimination of the digestate. An exception is the enzymatic/thermal hydrolysis 

process, which reduces the volume of solid digestate by converting it into a bio-liquid that can be 

used to produce bio-fuels (WRAP, 2013). 

Recovery of energy from the fibre is possible, through process like incineration, gasification and 

pyrolysis. However, to take advantage of this, an additional drying step would have to be added 

to the system, implying more investment, and the cost-benefit analysis may not always be 

positive. In the case of food-based digestate, the dewatering process can be even more complex. 

The surface charge properties of food-based digestates make it challenging to dewater using 

standard approaches. While dewatering of food-based digestates has proven possible by selection 

of the correct polymer, polymer dose and dosing conditions remain economically challenging 

(Horan et al., 2015). 

With respect to the liquid fraction of digestate, several nutrient recovery processes can be adopted 

to produce refined end products (i.e., concentrated nutrients and purified water) including 

biological oxidation (i.e. Algal pond/ Photo Bio reactor) in which the liquor is used as a feedstock 

for algae growth, and ammonia striping, and evaporation (Peng and Pivato, 2017). The liquid 

fraction of digestate from OFMSW and FW cannot be directly used for agricultural purposes 

without further treatment, following Article 6 of the EU Waste Framework Directive EEC, 2000 

(Malamis et al., 2016). This is because FW, as a complex waste (with broad origin, composition, 

etc.) makes the quality of its digestate and input materials difficult to stablish, hence limiting its 

application and use (Saveyn and Eder, 2014).  

It is necessary, therefore, to study alternative approaches for digestate management and utilization 

options when considering AD as an option for FW processing and valorisation into biomethane 

(Wellinger et al., 2013; Neumann et al., 2016). 
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When treating FW, low methane yields are obtained (50 - 60% of the theoretical maximum value). 

This is related to the complex structure and composition of its components (lignocellulosic 

materials, fats and proteins), which make hydrolysis the limiting step for anaerobic processing 

(Marin et al., 2010). This limitation can be circumvented by adopting different feedstock pre-

treatments. Thermal processing, with or without mechanical pre-treatment (e.g., grinding) has 

been shown to achieve significantly higher methane (CH4) yields and it is thus considered by 

many to be the most reliable pre-treatment option for FW to enhance biomethane production in 

AD reactors (Naran et al., 2016). 

Microwave irradiation (MW) or Radio Frequency (RF) heating, a particular form of thermal 

treatment, takes place in nonconductive materials at frequencies between 3 and 300 GHz. 

Microwaves (MWs) belong to that part of the electromagnetic spectrum with wavelengths from 

1 mm to 1 m with corresponding frequencies between 300 MHz and 300 GHz and constitute a 

subset found at the higher frequency end of the radio spectrum. The electromagnetic spectrum is 

not used only (or even primarily) for heating, but also for cellular phones, radar, and satellite 

communications (including satellite TV). Nevertheless, the Federal Communications 

Commission (FCC) for industrial, scientific, and medical (ISM) purposes reserves two common 

frequency bands for RF and MW heating centred on 0.915 and 2.45 GHz (Lauf et al., 2013). 

Although the main use of microwave heating over the past 40 years has been to serve as a kitchen-

cooking appliance, especially in western countries, new applications have recently arisen. Its 

application in the processing of materials and, more specifically, the pre-treatment for organic 

wastes such as sludge, are relatively new developments (Thostenson and Chou, 1999). Due to its 

high moisture content and suspended organic solids content, FW (and its variations, including 

Kitchen Waste (KW), fruit and vegetables wastes, etc.) also seems to be suitable candidates for 

MW irradiation pre-treatment. 

Overall, MW irradiation has proven to be effective in solubilising organic matter, improving 

biodegradability and the production of biogas and biomethane from both FW and sludge (Qiao et 

al., 2008; Toreci et al., 2009; Marin et al., 2010; Zhang et al., 2016). 

Like sewage sludge, digestate is as an end product of a biological treatment process, and has 

similar properties such as an incomplete mineralization stage (20 - 60%) at the end of the AD 

(Park and Ahn, 2011). It still, therefore, has organic matter available post AD for microbial 

actuation and degradation. Several pre-treatment methods to enhance methane recovery from this 

substrate have been tested, including mechanical, thermal and chemical treatments (Menardo et 

al., 2011; Biswas et al., 2012; Lindner et al., 2015). However, most have not been widely adopted 

due to limitations related to high-energy requirements. A chemical-free and environmentally 

friendly pre-treatment method is therefore desired and MW irradiation has been identified as a 

possible candidate (Liu et al., 2019). 
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Microwave irradiation of digestate has not yet been widely tested/adopted, despite several studies 

which have demonstrated its efficacy in improving solubilisation of organic matter, VS removal 

and biogas production in the context of sewage sludge processing (Kaparaju and Rintala, 2005; 

Menardo et al., 2011; Biswas et al., 2012; Lindner et al., 2015). A further option for digestate 

management is to re-circulate the material into AD after it has been pre-treated. This particular 

strategy is not new and the overall effects of digestate re-circulation have been reported to be 

positive varying from enhanced VS removal to methane yield. Nevertheless, no previous work on 

the re-circulation of pre-treated digestate on the AD of FW was found at the time of conducting 

this study.  

In this research project, microwave irradiation use is considered not only a suitable option to 

effectively pre-treat FW and digestate, but it can also be an important tool for the recovery of 

energy (biomethane) and nutrient recycling from these underutilized substrates when coupled 

with AD.  

1.2 Aim, objectives and scope 

1.2.1 Aim and objectives 

The aim of this project is to explore alternative paths for the enhancement of energy recovery 

from FW via anaerobic digestion by integration with microwave irradiation pre-treatment of FW 

and digestate. The cascaded processes intended to eliminate the environmental impacts of FW 

discarded in landfills and transform digestate from a cost to a revenue centre. In that context, this 

project comprises a series of experimental work using food waste generated at the refectory of 

the University of Leeds to determine the most suitable process conditions that allow the 

integration of microwave pre-treatment to enhance biomethane production from AD reactors.  

The overall aim was achieved by the following objectives: 

Objective 1: To evaluate the full potential of FW as a feedstock for anaerobic digestion by 

assessing its anaerobic biodegradability (Biomethane Potential ï BMP) with and without 

balancing essential nutrients (Carbon, Nitrogen and Phosphorous) and by optimizing BMP test 

conditions (particle size, inoculum/substrate (I/S) ratio). 

Objective 2: To evaluate the impact of MW irradiation process conditions (final temperature 

and heating rate/power) on the characteristics of MW FW and its potential for biomethane 

production under Mesophilic Anaerobic Digestion (MAD) conditions. 

Objective 3: To evaluate the impacts of MW process conditions (final temperature and set 

heating rate/power conditions) on the characteristics of MW treated digestate from FW 

processing, and the potential for digestate recycling into MAD reactors processing raw FW to 

enhance biomethane production. 

Objective 4: To assess the technical feasibility of integrating MW pre-treatment and AD for 

selected scenarios processing FW and digestate, through mass and energy balances, based on 

the results obtained from experimental analyses. 
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1.2.2 Scope  

The integration process concept was developed and tested using lab-scale Anaerobic Batch 

reactors, that provided suitable data for conducting mass and energy balances to model process 

conditions and to predict biomethane yields. 

1.3 Thesis structure  

The thesis is organized in nine chapters with the introduction section comprising the first chapter, 

which summarises the research problem and gaps, and presents the aim, objectives and scope of 

the study. 

Chapter 2 provides the rationale for the study. It includes a thorough literature review of the FW 

problematics, (including its generation and environmental impacts) and current waste to energy 

conversions, focusing on AD. The impacts of increasing digestate volumes being produced over 

the last decades (as a result of AD becoming a feasible and well-established technology for energy 

recovery and waste stabilization) are also discussed, focusing on the current waste to land 

limitations. The technological approaches developed to treat this substrate for energy recovery 

and by product generation are briefly described, with positive and negative aspects of each, 

highlighted. Microwave heating as a recent technology to treat organic waste including FW, is 

described and the benefits of a cascade process with AD presented. The novel aspect of MW 

irradiation on digestate management is also highlighted. 

Chapter 3 describes the material and methods used. An overall description can be found at the 

beginning of the chapter (e.g. FW collection, characterization, digestate characterization and 

BMP tests), followed by a detailed explanation of each experimental phase.  

In chapters 4 to 7, the results arising from each stage of the project are reported and discussed. 

These chapters have been written in a paper format and, therefore, contain appropriate sections 

including introduction, results, discussions and summary. 

Chapter 4: ñCharacterization of FW and its potential use as a feedstock for methane (CH4) 

production via mesophilic anaerobic digestionò, is related to Objective 1, and focusses on the 

effect of nutrient supplementation, particle size and inoculum to substrate ratio (I/S) on the 

biomethanation of FW. The overall suitability of the source of FW used as a substrate for the AD 

experiments is addressed. The results for optimum particle size and I/S ratio are used as a 

reference for the further research objectives. Material in Chapter 4 draws form and/or has been 

presented in the following abstracts and publications. Turnell, Suruagy. M.V, Camargo-Valero, 

M. A. Alternative route to digestate stabilization and recovering residual value from food 

waste, presented at AD Network - Early Career Researcher Event (oral presentation), 

Birmingham, United Kingdom, 2016.  Okoro-Shekwaga, C. K., Suruagy, M., Ross, A. B. and 

Camargo-Valero, M. A. Particle size, inoculum-to-substrate ratio and nutrient media effects 

on biomethane yield from food waste, published in Renewable Energy, Vol. 151, pages 311-

321. DOI: 10.1016/j.renene.2019.11.028.  
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Chapter 5: ñInfluence of microwave temperature and power on the biomethanation of food waste 

under mesophilic anaerobic conditionsò focuses on Objective 2 and discusses how the final 

temperature and heating rates/power change the characteristics of FW and MAD process 

performance, including SCOD removal, Volatile Fatty Acids (VFAs) behaviour, solubilization 

and biodegradability. The amount of microwaved food waste to inoculum on each reactor 

followed the optimum conditions established in Chapter 4. The main factor influencing process 

performance and the optimum microwave operating parameters for energy recovery from food 

waste are established. Part of the results from this chapter were presented orally at the following 

conferences: 

M. V. T. Suruagy, A. B. Ross and M. A. Camargo-Valero. Influence of microwave irradiation 

pre-treatment on the biodegradability of food waste under mesophilic anaerobic conditions. 

In XIII Taller Y Simposio Latinoamericano de Digestión Anaerobica, Medellin, Colombia. 2018. 

M.V.T. Suruagy, A.B. Ross and M.A. Camargo-Valero. Influence of microwave pre-treatment 

on the biomethanation of food waste under mesophilic anaerobic conditions. Published in the 

event proceedings- Anais do 10ª Fórum Internacional de Resíduos Sólidos, João Pessoa, Paraíba, 

Brazil. 2019. ISSN: 2527-1725. 

Chapter 6: ñInfluence of microwave irradiation on the biomethanation of the soluble fraction of 

food waste under mesophilic anaerobic conditionsò also addresses Objective 2. This chapter was 

added after performing BMP tests on the microwave pre-processed food waste under various 

temperatures and heating rates. It includes a detailed analysis of the biomethane potential 

originating from the soluble fraction of microwaved samples processed with a final temperature 

of 175°C. Important changes in the characterization of the microwaved waste after phase 

separation are discussed. Improvements in process performance as a result of solid fraction 

removal is highlighted, with emphasis on the resulting methane yields. 

Chapter 7: Effects of the re-circulation of microwave pre-treated digestate on the mesophilic 

anaerobic digestion of food wasteò addresses Objective 3 and presents the results of BMP tests 

performed for different volumes of MW pre-treated digestate together with raw food waste.  This 

constitutes a novel approach for a co-digestion process using FW and digestate. The effects of 

MW process conditions on the digestateôs characteristics are discussed, as well as its influence on 

BMP test performance. The process performance improvement, including VFAs behaviour, 

biodegradability, technical digestion time and process kinetics, is discussed in detail. These 

results are compared both to each other and to the previous tests reported in Chapter 5 and Chapter 

6.  The energy recovery of the re-circulated digestate relative to raw food waste digested alone is 

addressed in this chapter. This, together with the final methane yield, is evidence that the co-

digestion of this substrate is capable of producing more biomethane than the digestion of raw food 

waste alone. At the end of the chapter, a statistical relationship between methane yield obtained 

from the co-digestion process and the previously tested conditions with high methane yields is 

established, and the optimum condition for energy recovery, identified. 



9 

Chapter 8: ñMass and energy balance study for the integration of microwave irradiation and 

anaerobic digestion of food waste and digestateò is related to Objective 4. Total and Volatile 

Solids removal, together with Total and Soluble Chemical Oxygen Demand removal constitutes 

the mass balance analysis of the scenarios tested. The energy balance is shown from a Net Energy 

Production perspective and the process feasibility based on this parameter for all the conditions 

tested is discussed. The net energy together with the mass balance is an important consideration 

when deciding on the optimum strategy for energy generation from FW and digestate on an 

industrial scale. 

Chapter 9: General discussions, discusses the main findings regarding the use of microwaved FW 

and microwaved digestate on the mesophilic anaerobic digestion on batch tests and its 

implications when applied to a large-scale system (e.g. CSTR reactors). 

Chapter 10: Conclusions and recommendations, presents the overall conclusions of the thesis and 

makes recommendations for future work. 
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CHAPTER 2 

2. LITERATURE REVIEW  

2.1 Research problem ï theoretical context and motivation 

2.1.1 Food waste generation  

The definition of FW is not simple and it can be analysed from many different perspectives. The 

more ñtraditionalò definition of food waste is related to discarded household food either because 

was not eaten by the due date or because it was left on plates after a meal.  A broader definition 

takes account of food discarded at any point in the Food Supply Chain (FSC). Table 2.1 shows 

the various stages of the FSC and their respective food waste generation. Therefore, food waste 

includes any waste generated during production, processing, distribution, consumption and/or 

disposal. During harvesting, for example, food can be lost to consumption by animals such as 

birds or rodents. Harvesting losses can also be incurred (for example due to inclement weather) 

if  the timing of harvest is not optimal. However, for most people, FW is more obvious at the final 

stages of the supply chain: retail and consumer stages (Table 2.1) (Parfitt et al., 2010). 

According to Lin et al. (2013), food waste can be defined as: 

 

The end-product of various food processing industries that has not been recycled or 

used for other purposes. It is the non-product flows of raw materials whose economic 

value is less than the cost of collection and recovery for reuse; therefore, discarded as 

waste. 

 

Lipinski et al., (2013) on the other hand, defines food waste as:  

 

Food that is of good quality and fit for human consumption but that does not get 

consumed because it is discarded either before or after it spoils. Food waste typically, 

but not exclusively, occurs at the retail and consumption stages in the food value chain 

and is the result of negligence or a conscious decision to throw food away. 

 

Although several attempts have been made to quantify global FW production, they are, typically, 

underestimated. This is because of the variety of definitions of FW and the fact that waste can 

arise at any stage of the FSC, thus making it difficult to scrutinize. However, the most often quoted 

estimate of food lost or wasted throughout the supply chain, from production to consumption, is 

about 1.3 billion tonnes per year ï i.e. one third of the food produced in the world for human 

consumption annually (FAO, 2011).  
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Table 2.1 Food Waste Generation at different stages in the supply chain (Parfitt et al. 2010). 

 
Stage Examples of food waste/loss characteristics 

(1) Harvesting ï handling at harvest edible crops left in field, ploughed into soil, 

eaten by birds, rodents, timing of harvest 

not optimal: loss in food quality 

crop damaged during harvesting/poor 

harvesting technique 

out-grades at farm to improve quality of 

produce 

(2) Threshing loss through poor technique 

(3) Drying ï transport and distribution poor transport infrastructure, loss owing to 

spoiling/bruising 

(4) Storage pests, disease, spillage, contamination, 

natural drying out of food 

(5) Primary processing ï cleaning, 

classification, de-hulling, pounding, 

grinding, packing, soaking, winnowing, 

drying, sieving, milling 

process losses  

contamination in process causing loss of 

quality 

(6) Secondary processing ï mixing, cooking, 

frying, moulding, cutting, extrusion 

process losses  

contamination in process causing loss of 

quality 

(7) Product evaluation ï quality control: 

standard recipes  

product discarded/out-grades in supply 

chain 

(8) Packaging ï weighing, labelling, sealing inappropriate packaging damages produce 

grain spillage from sacks 

attack by rodents 

(9) Marketing ï publicity, selling, distribution damage during transport: spoilage 

poor handling in wet market 

losses caused by lack of cooling/cold 

storage 

(10) Post-consumer ï recipes elaboration: 

traditional dishes, new dishes product 

evaluation, consumer education, discards 

plate scrapings 

poor food preparation technique: edible 

food discarded with inedible 

food discarded in packaging: confusion 

over óbest beforeô and óuse byô dates 

(11) End of life ï disposal of food waste/loss at 

different stages of supply chain 

food waste discarded may be separately 

treated, fed to livestock/poultry, mixed with 

other wastes and landfilled 
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Thi et al. (2015), reported that the per capita FW productions in industrialised and developing 

countries is 107kg/year and 56kg/year, respectively, suggesting that in industrialised countries 

where the standard of living standard is higher there is greater FW generation (Lipinski et al., 

2013). Perhaps more surprisingly, according to data gathered by the Bureau Population Reference 

(2014), there is no marked difference between the aggregate FW generated in industrialized (670 

million tonnes) and developing (630 million tonnes) countries. This is because although FW in 

developing countries is low and there is both less food demand and less per capita consumption, 

net population in the Global South is higher ï i.e., China and India, contribute with 37% of the 

total worldwide population (Figure 2.1).  

Figure 2.1 Relationship between Gross National Income per capita (GNI) and FW per capita in various 

countries (Thi et al., 2015). 

Table 2.2 shows the difference in food waste generation scenarios in industrialized and 

developing countries. The United States, for example showed the highest FW per capita, 

equivalent to 0.52kg/day, which could be related to its bigger population size (316,128,839). The 

United Kingdom, on the other hand, exhibited a higher daily food waste generation (14,257,000) 

and FW per capita (0.37) than Germany (12,257,998 and 0.34 daily food waste generation and 

FW per capita, respectively), despite a lower population. The daily food waste generation values 

of industrialized countries are on average 43.82% higher than in developing ones. 

Moreover, the proportion of FW in the MSW varies across the globe. Data gathered by Thi et al. 

(2015), showed that in countries such as the United Kingdom, Sweden, Germany and Nigeria FW 

represents a higher percentage of their MSW: 50, 67, 61 and 60% respectively. Conversely, in the 

Ukraine and Belarus there is a lower proportion of FW in their MSW: 37 and 27% respectively.  
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Table 2.2 Scenarios of food waste generation in different countries (Thi et al., 2015). 

Country 
GNI 

(US$) 
Population 

Total FW 

(tonne/year) 

FW per 

capita 
(kg/day) 

FW percentage 

in entire MSW 
(%) 

Reference ï year 

Industrialised 

countries 
      

Australia 65,520 23,130,900 2,261,061 0.25 40.00 Liu, (2014) 

Denmark 61,160 5,613,706 790,502 0.32 NA 
Véronique et al. (2010), 

Barbara et al. (2012) 

Sweden 59,240 9,592,552 1,915,460 0.27 67.00 
Véronique et al. (2010), 

Naturvårdsverket (2010) 

Singapore 54,040 5,399,200 796,000 0.40 NA NEA (2013) 

The United States 53,670 316,128,839 60,849,145 0.52 NA 

Grocery Manufacturers 

Association (2012), Buzby 

and Hyman, (2012) 

The Netherlands 47,440 16,804,224 8,841,307 0.31 NA 
Véronique et al. (2010), 

Barbara et al. (2012) 

Germany 45,170 80,621,788 12,257,998 0.34 61.00 
Véronique et al. (2010), 
Barbara et al. (2012) 

The United 

Kingdom 
39,140 64,097,085 14,257,000 0.37 50.00 

WRAP (2013a), WRAP 

(2013b) 

South Korea 25,920 50,219,669 6,241,500 0.27 NA Hou (2013) 

Taiwan 21,592 23,268,087 2,318,169 0.23 NA Taiwan EPA (2018) 

Developing 

countries 
      

Brazil 11,690 200,361,925 33,489,000 0.17 54.90 Corsten et al. (2012) 

Turkey 10,950 74,932,641 12,375,000 0.17 49.50 
Sezer and Arikan, (2011), 
Ioannis et al. (2013) 

Malaysia 10,400 29,716,965 5,477,263 0.18 55.00 
Mohamad and Keng, 

(2013) 

Mexico 9940 122,332,399 19,916,000 0.16 52.00 
Alonso and Themelis, 

(2011) 

Costa Rica 9550 4,872,166 903,375 0.19 NA Dhia et al., (2011) 

Romania 9060 19,963,581 3,573,481 0.18 NA Romania (2018) 

South Africa 7190 59,590,000 9,040,000 0.15 NA 
Wahlen and Winkel, 

(2017) 

Belarus 6720 9,466,000 903,690 0.10 27.00 
RECO Baltic Tech project 

(2012) 

China 6560 1,357,380,000 195,000,000 0.14 56.60 Yang et al. (2012) 

Thailand 5370 65,479,453 9,312,788 0.14 44.43 Alice and Janya, (2012) 

Jamaica 5220 2,715,000 433,333 0.16 53.70 Meghan (2014) 

The Ukraine 3960 45,489,600 4,440,000 0.10 37.00 IFC (2013) 

Nigeria 2760 173,615,345 25,000,000 0.14 60.00 Ogwueleka, (2009) 

India 1570 1,252,139,596 71,952,838 0.06 51.00 
Ranjith, (2012), Jena 

(2013) 

Vietnam 1407 89,708,900 5,743,056 0.06 60.00 

Ministry of Natural 

Resources and 

Environment of Vietnam 
(2011) 

Source Thi et al. (2015) 
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Regarding the impact of consumerôs behaviour on FW generation at the consumption phase, it is 

found that in a population with high education level (industrialised countries), FW is mostly 

generated ñbefore the meal,ò while for populations with low and middle education levels 

(developing countries), FW occurs ñafter the meal,ò due to populations in developing countries 

generally paying less attention to how their FW will be disposed (Maaike, 2014).  This suggests 

that additional factors determine the amount of FW in the MSW, not just the level of development 

of the county (). 

So, the amount of FW generated in a specific location is a multifaceted issue dependent on factors 

such as: the market economy, climate, legislation, cultural differences, urbanization, supply chain 

technology as well as dietary habits (Parfitt et al., 2010). In addition, different locations imply 

lifestyle and cultural differences which impacts both recycling practices and the type of FW 

produced (Ward et al., 2008). 

FW composition is region specific which affects its bio-chemical characteristics. For instance, in 

China vegetables, cereals and fruit represent approximately 80% of the FW, whilst in Turkey 

vegetable and fruit represents approximately 70% of the total FW volume. Bakery and dairy 

products account for approximately 50% of the FW in western countries, with meat representing 

3ï5% of the FW in all regions. Consequently, there is a need for different management/disposal 

plans in different regions of the world (Karthikeyan et al., 2018). 

2.2 Food waste in the United Kingdom - an expensive business  

In 2012, approximately 9 million tonnes of food and drink waste was generated in the UK each 

year. This figure includes streams such as agricultural production, food manufacture, 

retail/wholesale ï including distribution and from stores, hospitality/óprofitô catering ï 

restaurants, pubs, hotels, and ócostô catering ï schools, hospitals, services (WRAP, 2013). It does 

not, however, include FW from households, which according to WRAP (2012a) was responsible 

for adding another 7 million tonnes of food and drink waste to the picture. Of this total, 82% was 

FW. Household FW is any food or drink that is consumed within the home, including retail and 

contributions from homegrown food and takeaways but excluding any food or drink consumed 

óon-the-goô, for example, in the workplace or in catering establishments (WRAP, 2013).  

For research purposes, WRAP adopted the following FW categories: a) Avoidable ï food and 

drink thrown away that was, at some point prior to disposal, edible (e.g. slice of bread, apples, 

meat); b) Possibly avoidable ï food and drink that some people eat and others do not (e.g. bread 

crusts), or that can be eaten when a food is prepared in one way but not in another (e.g. potato 

skins), and c) Unavoidable ï waste arising from food or drink preparation that is not, and has not 

been, edible under normal circumstances (e.g. meat bones, egg shells, pineapple skin, tea bags). 

When considering these categories, 4.0 million tonnes per year of the total food and drink waste 

arising from households in the UK in 2012 was avoidable. The remaining 3 million tonnes was 

split equally between unavoidable and possibly avoidable waste (WRAP, 2013).  
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Just under half of avoidable food and drink waste, in 2012, was classified as ónot used in timeô 

and thrown away because it had either gone off or passed the óconsume beforeô date on the 

packaging. A further 31% was classified as ócooked, prepared or served too muchô: this included 

food and drink that had been left over after preparation or serving. Around 14% was linked to 

personal preferences including health reasons and not liking certain foods. Accidents ï including 

food dropped on the floor and failure of a freezer ï accounted for 4% (Figure 2.2) (WRAP, 2013). 

These results suggest that FW in the UK is strongly related to behaviour and habits. 

Figure 2.2 Weight of avoidable household waste (food and drink in 2012), split by reason for disposal 

(WRAP, 2013). 

According to WRAP (2012), food and drink not used in time and cooked; prepared or served too 

much was estimated to be worth £9.7 billion pounds. 

A later study conducted by DEFRA, (2015), estimated that 47% of the food consumed in the UK 

is imported, originating from various countries such as EU (28%), Africa (4%), Asia (4%) and 

North America (4%). In total, 23 countries accounted for 90% of UK food supply in 2013. The 

results showed that vegetables and fruits, as well as meat and meat products are the two largest 

import categories. Interestingly, these items are the ones which have the highest disposable rates 

on the UKôs waste stream, meaning that the government is subsiding a very expensive financial 

drain (Mena et al., 2011). In 2014, imports cost £8.7 billion, while exports were worth £0.9 

billion, giving a trade gap of £7.8 billion (Figure 2.3). The latter was responsible for £6 billion of 

investment.  

Between 2007 and 2012, the UK achieved a 15% reduction in the generation of food and drink 

waste despite a 4% increase in household numbers. The amount of waste prevented is 

considerable, and would be enough to fill 2,600 Olympic swimming pools, as well as a saving of 

£85 million in landfill tax and gate fees for the local authorities (WRAP, 2013). However, the UK 

still has a long way to reach a zero-waste economy (WRAP, 2013). Furthermore, it has been 

estimated that all the FW in the UK would be enough to feed 250,000 people. This raises moral 
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questions, since in 2011 one billion people worldwide were considered malnourished (Naylor, 

2011). 

Figure 2.3 UK trade in different food groups in 2014. HM Revenue and Customs. DEFRA (2014). 

A more recent report from (WRAP, 2020) stated that the annual FW arising within UK 

households, hospitality and food service (HaFS), food manufacture, retail and wholesale sectors 

in 2019 was around 9.5 million tonnes, an increase in relation to 2012 (Figure 2.4). Over 85% (by 

weight) of this wasted food arises in households and food manufacture, demonstrating that this is 

still is the most challenging sector, as it needs to deal with a change in consumer behaviour.  

Figure 2.4 Amounts of total food waste arising in the UK in 2019 by sector (total post farm-gate=ca.9.5Mt). 

A series of practical measures have been made to reduce the amount of FW generated in the UK, 

including The Courtauld Commitments. These are a series of voluntary agreement aimed to 

improve resource efficiency and reduced the carbon and wider environmental impact of the UK 

grocery sector. The agreements have been funded by the UK Governments and delivered by 

WRAP. 
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Table 2.3 details the distinct phases of the commitments, their start and end dates and the main 

achievement of each one. Launched in 2005 (phase I), this agreement is set to last 20 years. Since 

then it has achieved a significant reduction in waste generation from households including 

packaging waste (Table 2.3). As a result of actions by signatories, Love Food Hate Waste, local 

authorities and charity partners, 670,000 tonnes of FW and 520,000 tonnes of packaging waste 

was avoided across the UK between 2005 and 2009 (WRAP, 2020). 

Phase II (2010-2012) aimed to reduce primary packaging and household food and drink waste, 

including secondary and tertiary packaging, and supply chain waste. It achieved a 41.6% decrease 

in the amount of FW and packaging generated in the UK in relation to phase 1, as well as a  45.4% 

increase in CO2 savings, which culminated in 72.2% more billions pounds saved. This success 

was attributed to several factors including the participation of 53 retailers in this process (Table 

2.3). 

In Phase III (2013-2015) the goal was to achieve a reduction in the weight, and CO2 emission 

consequences, of household FW, grocery products and packaging waste. Product and packaging 

waste was reduced by 3% there was a significant growth in the recovery and recycling rate (from 

95% in 2012 to 99% in 2015) and a 7% reduction in the carbon impact of food and packaging 

was achieved (WRAP, 2020). 

Phase IV is currently underway. It comprises a set of ambitious aims and for this reason its set to 

last over a period of 10 years. Nevertheless, several milestones have been successfully achieved, 

including a 1.6 Mt of CO2 saving since 2015, which in fact is lower than the amount of CO2 

savings in Phase II, that only lasted for two years and reached 3-fold higher savings. Nevertheless, 

because phase IV is currently being performed, it is very likely that good results are also obtained 

in all targets, due to initiatives such as the implementation of new standards for food packaging 

design and labelling by retailers and brands, making it easier for people to buy what they need 

and make better use of what they buy. This strategy could significantly reduce the amount of 

avoidable waste generated due to lack of knowledge regarding terms such as ónot used in timeô 

and the óconsume beforeô date on the packaging, responsible for 4.0 million tonnes per year of 

the total food and drink waste arising from households in the UK in 2012 (WRAP, 2013).  
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Table 2.3 The Courtauld Commitments 2025. Adapted from (WRAP, 2020). 

Courtland Aims/Goals 

Packaging and 

Food Waste 

prevented (Mt) 

£ saved 

(billions) 

CO2 

savings 

(Mt) 

Remarks 

Courtland  

Phase I 

(2005-2009) 

Less Food Waste and 

Food packaging in 

households 

1.2 Mt 1.8b 3.3 Mt Equivalent to filling 128,000wastes lorries 

Courtland  

Phase II 

(2010-2012) 

Idem Phase I added of 

secondary and tertiary 

package and supply chain 

waste 

1.7 Mt 3.1b 4.8 Mt 
53 retailers worked with Wrap to achieve the 

targets 

Courtland  

Phase III 

(2013-2015) 

Reduce the weight and 

CO2 of household food 

waste, grocery product 

and packaging waste 

_ _ _ 

¶ Product and packaging waste reduced by 3%. 

¶  Recovery and recycling rate grew from 95% 

in 2012 to 99% in 2015. 

¶ 7% reduction in carbon impact of food and 

package   

Courtland  

Phase IV 

(2015-2025) 

¶ A 20% per person 

reduction in food 

and drink waste 

associated with 

production and 

consumption of food 

and drink in the UK, 

post farm gate. 

¶ A 20% per person 

reduction in the 

greenhouse gas 

(GHG) emissions 

associated with 

production and 

consumption of food 

and drink in the UK. 

¶ A reduction in 

impact associated 

with water use and 

water stress in the 

supply chain. 

480.000 tonnes  

(7% progress 

between 2015-

2018) 

 

 

 

1.6Mt  

(since 

2015) 

Significant increase in recognition of Love Food 

Hate Waste (Food Waste Trends Survey 2019).  

A new strategy for citizen food waste prevention, 

including refocused Love Food Hate Waste 

campaigns and targeted large-scale citizen 

behaviour change interventions.  

Implementation of new standards for food 

packaging design and labelling by retailers and 

brands, making it easier for people to buy what 

they need and make better use of what they buy. 

The worldôs first Food Waste Reduction.  

Roadmap, with more than 120 businesses set to 

Target their own food waste reduction, Measure 

consistently, and Act on the evidence. Launch of 

Guardians of Grub, a national campaign to 

empower hospitality and food service 

professionals to reduce the amount of food 

thrown away in their establishments. Working 

together to double the amount of food 

redistributed. Working within high-impact 

sectors ï meat, dairy, fresh produce and bakery ï 

to develop and act on new insights on food waste 

priorities, including measurement of pre-farm 

gate waste. 

Most (over 80%) of the reduction is due to 

decarbonisation of the UKôs electricity grid. The 

GHG emissions associated with consuming a unit 

of electricity are 39% lower in 2018. 

2.3 Environmental impacts of food waste  

As well as representing a threat to global food security and a financial drain for the authorities, 

FW generates environmental impacts. As an example, 4.2 tonnes of CO2 are emitted along the 

food supply chain for every tonne of FW generated (Lin et al., 2013). 

The most common management route for FW disposal is landfilling. Globally, around 1.3 · 109 t 

of FW are disposed of in landfills, contributing to 3.3 · 109 tonnes-CO2-eq. year-1 of greenhouse 

gas (GHG) emissions (Salemdeeb et al., 2017; Fisgativa et al., 2017). Unfortunately, in 

developing countries this is still the most common approach for waste disposal, representing over 

90% use rate for FW treatment (Thi et al., 2015). 

As well as landfill, FW can be incinerated, recycled or composted. However, each one of them 

has environmental, social and economic impacts and in most cases does not represent a realistic 

solution. For example, a total of 24-164 incinerators would be required to meet the needs for the 

UK waste industry, a costly and environmentally unfriendly option due to the emission of 

pollutants. On the other hand, the challenges associated with composting of FW are related to 

structure of food waste with weak porosity, high content of water, low carbon-to-nitrogen relation 

and fast hydrolysis and accumulation of organic acids during composting, which reduced process 

efficiency (Wang et al., 2016, Voberková et al.,2020). 
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Due to poor incentives in FW recycling programs and the lack of an official policy to persuade 

people to participate in recycling activities, recycling faces major challenges in developing 

countries (Suchada et al., 2003). To date, most developing countries have not widely practiced 

FW recycling and the regulations for FW management are quite incomplete. As a result, most FW 

is mixed with MSW and landfilled. A large number of countries, including Brazil, Turkey, 

Malaysia, Mexico, Costa Rica, Romania, South Africa, Belarus, China, Jamaica, Ukraine, 

Nigeria, and Vietnam, among many others, currently disposes unsorted FW in landfills (Thi et 

al., 2015). 

Key to successful FW management in industrialised countries is adequate administrative 

structures and budget allocations. Only 10% of the total budget is used for waste collection with 

most of the funds utilized for segregating activities, establishing treatment facilities and programs 

to enhance communitiesô awareness of waste recycling and recovery (UNEP, 2011). 

Nevertheless, experiences from industrialised countries have shown that a country cannot 

effectively address its FW issue if the government does not establish specific objectives for 

reducing FW and implement comprehensive legislative regulations to compel sustainable food 

production (e.g. the closed-loop supply chain model) (Parfitt et al., 2010). 

Different targets, worldwide, have been set in the waste industry related to the amount of 

Biodegradable Municipal Waste (BMW) sent to landfill (Price, 2001). (BMW is waste that 

undergoes anaerobic or aerobic digestion, producing methane emissions). In Europe the disposal 

of organic waste sent to landfill has been strongly discouraged by legislations such as the EU 

Directive on Landfills (European Union, 1999) and the Waste Framework Directive (European 

Parliament and Council, 2008) (Holm-Nielsen et al., 2009; Grosso et al., 2010).  

Table 2.4 presents the compliance for organic waste disposal for members of the European Union 

by 2020. Therefore, the target beginning in 2006 and ending in 2010 should reduce landfilling of 

BMW to 75% of the 1995 levels. The percentage of BMW sent to landfill over the next years, are 

diminished in relation to the 2006 target, possibly due to the fact that the initial higher need for 

diverting this type of waste in order to reduce environmental impacts would have been 

successfully met. Therefore, the 2008 target (2013 deadline) represents 33.33% less than the 1995 

level and the 2016 target (deadline 2020), 53.3% less. 

Table 2.4 Landfill directive targets for biodegradable municipal waste. Price (2001). 

Target Deadlinea 

Reduce landfilling of BMW waste to 75% of 1995 level 

Reduce landfilling of BMW waste to 50% of 1995 level 

Reduce landfilling of BMW waste to 35% of 1995 level 

2006 (2010) 

2008 (2013) 

2016 (2020) 

a The date in brackets indicates the extended deadline available to countries for whom landfill represents 

a predominant disposal route (member states landfilling over 80% of municipal solid waste). 

In order to achieved such targets, the UK formulated a series of strategies, such as the increase in 

the costs for disposing waste in landfill from £40ï74 to £68ï111 of gate fees per tonne between 
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2009 and 2011 (Lin et al., 2013). Additionally, the UK government implemented the Landfill 

Allowance Trading Scheme (LATS), a scheme designed to benefit local authorities that reduce 

their disposal of BMW to landfill to a level below their allowance. By doing so, they can trade 

their excess allowance to lower-performance authorities (DEFRA, 2007).  

Figure 2.5 Summary of food surplus, waste and related material arisings in the UK, and their respective 

treatment and disposal routes (WRAP, 2020). 

Nevertheless, according to WRAP, in 2019, of the 9.5 million tonnes of FW generated by the 

households, hospitality & food service (HaFS), food manufacture, retail and wholesale sectors, 

33.68% was diverted to landfill (Figure 2.5). Despite efforts to reduce the biodegradable waste to 

landfills in accordance with the directives discussed above, this is still the second most utilized 

form of waste management in the UK, after thermal process or land spreading (46.31%) (WRAP, 

2020). 

As well as the reduction on the amount of biodegradable waste going to landfill, the UK 

government committed to achieving the 60% of reductions of GHG emission by 2050 (BERR & 

DEFRA, 2003). According to the International Energy Agency (IEA), fossil fuels accounted for 

up to 81% of the worldôs primary energy supply in 2007 whereas renewable energy sources only 

contributed a mere 13% (IEA, 2009). Despite a consensus that GHG emissions need to be 

reduced, it has been estimated that fossil fuels will remain the single greatest energy source 

worldwide (at 77% for the period 2007ï2030) (IEA, 2009). Nevertheless, it is expected that a 

three-folds increase in energy consumption will  happen by 2100, whilst energy generation from 
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biomass is intended to reach 50,000 TWh in 2050, 75,000 TWh in 2075 and 89,000 TWh in 2100 

(IEA, 2006). 

 If large amounts of organic waste are going to be diverted from landfill, sustainable strategies 

should be investigated as means not to just treat it but to recover valuable products including 

energy. The shift towards sustainable energy systems offers a promising solution to reduce 

environmental pollution and provide a sustainable fuel supply (Elsayed et al., 2019; Ramanathan 

et al., 2016). In this respect, FW management can play an important role (Weiland, 2010). 

2.4 Food to energy conversion technologies 

Recovering energy from FW is undoubtedly a sustainable option for reducing methane emissions 

from waste that would otherwise go to landfill. Furthermore, it can help countries reduce their 

dependency on energy and fuel imports since organic wastes can generate alternatives to fossil 

fuel, such as ethanol and butanol. This also contributes towards reducing carbon emissions and 

meeting renewable energy targets (Weiland, 2010).  

The various technologies that are available for energy generation from biomass and waste can be 

subdivided into thermochemical, biochemical and physicochemical conversion processes (Figure 

2.6). FW can be incinerated with other combustible municipal wastes to generate heat or energy. 

FW combustion may lead to the production of dioxins which can, in turn, contribute to air 

pollution (Katami et al., 2004; Ma et al., 2011). Alternative technologies like gasification are still 

at the demonstration phase and only a limited number of full scale installations has been built 

(Appels, Lauwers, et al., 2011). 

Combustion is not a very feasible FW to energy technology as it only offers a net positive energy 

balance if the water content of the biomass or waste is below 60% (FW has a moisture content 

between 67-80%) and even then, most of the energy stored in the biomass is used for evaporation 

of the water. Similarly, the energetic efficiency of pyrolysis and gasification is low for substrates 

with high moisture content, and the presence of water in the resulting bio-oil is undesirable. These 

considerations discourage application of these technologies for FW (Van de Velden et al., 2010).  

Figure 2.6 Biomass and waste conversion technologies (Appels et al., 2011). 

In contrast, AD of FW provides both energy (i.e., 0.6 MWh t-1) and biofertilizers (Ḑ40% of initial 

feed) from the same amount of input materials with a lead time and foot print smaller than that of 
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composting (Karthikeyan et al., 2018). Therefore, AD is currently the most commonly used 

technology for FW to energy conversion (Pham et al., 2015). 

There are several advantages from utilizing FW as a feedstock to generate by-products and 

energy: a) it comprises significant quantities of functionalised molecules (e.g., carbohydrates, 

proteins, triglycerides, fatty acids and phenolic compounds that can produce materials such as 

Polyhydroxyalkanoates (PHAôs), bio-fuels, syngas, amongst others (Figure 2.7); b) it is an 

abundant and under-utilised resource; c) it is available everywhere in different composition and 

concentrations; d) it contains organic matter that is suitable for microbial growth; e) it reduces 

the cost of the waste - as when disposed in landfills (Zhang et al., 2012; Lin et al., 2013). 

According to Sanders et al. (2007) fuel applications from FW (US$200ï400/ton biomass) usually 

creates more value than electricity generation (US$60ï150/ton biomass) or animal feed (US$70ï

200/ton biomass). Due to its inherent chemical complexity, FW also can be utilized for production 

of high-value materials, such as organic acids, biodegradable plastics and enzymes (US$1000/ton 

biomass). The market demand for biofuels from waste prevails over that for these materials and 

FW to biofuel technologies therefore need to be developed. 

 

Figure 2.7 Components present in Food Supply Chain and their uses in common consumer applications 

(Lin et al, 2013). 

2.4.1 Anaerobic digestion 

AD is a process that occurs naturally in the environment, for example in swamps, at the bottom 

of lakes, in landfills and in the stomachs of animals. When AD occurs, it releases methane and 

carbon dioxide that escape into the atmosphere and pollute the environment. However, under 

controlled conditions, the AD process is a versatile technology platform that can serve many 

purposes in industry and society by generating electricity and/or heat, e.g. in combined heat and 

power (CHP) systems. Moreover, the methane can be liquefied and used as a transport fuel, or 

injected directly in to the gas grid. 1 m3 of biogas from AD at normal conditions (1atm at 20°C)  
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is equivalent to 21 MJ of energy, and it could generate 2.04 kWh of electricity assuming 35% 

generation efficiency (Murphy et al., 2004). 

This biological process is complex and comprises several steps. At its simplest, the AD process 

can be characterized by four sequential processes as depicted in Figure 2.8; namely hydrolysis, 

acidogenesis, acetogenesis and methanogenesis. The cooperation between key members of the 

microbial community is essential for the performance of each step as well as the totality of the 

digestion. The assortment of metabolic and catabolic activities of bacteria determines the transfer 

of energy content from substrate into biogas/biomethane (Divya et al., 2015). 

Each of the AD steps is performed by a specific group of microorganisms and enzymes and occurs 

within a period of time. Hydrolysis is the rate-limiting step for anaerobic digestion of complex 

organic substrates such as cellulose (Hassan et al., 2017). In this case, many days are required for 

the decomposition of cellulose into monomers, whereas the duration of hydrolysis of soluble 

carbohydrates takes only a few hours. This difference is due to the compact structure and 

compositional features of cellulose, hemicellulose and lignin (i.e., lignin content and cellulose 

crystallinity). Nevertheless, limited hydrolysis reduces the production of intermediate products 

and, therefore, hinders biogas/biomethane production (Rodriguez et al., 2017). 

For easily biodegradable wastes such as FW, hydrolysis is not necessarily the rate-limiting step, 

thus if hydrolysis is increased (due to pre-treatment, for example) it may lead to VFA 

accumulation, which subsequently inhibits the methanogens (Tembhurkar and Mhaisalkar, 2007). 

On the other hand, it is expected that under a healthy AD, the methanogenesis step will proceed 

in seconds to minutes. Therefore, low molecular weight compounds such as volatile fatty acid 

(VFA) levels should be low in a well-balanced system (Pind et al., 2003). 

The effectiveness of anaerobic digestion systems is sensitively dependent on feedstock 

characteristics, operating conditions and digester design. Physical and chemical characteristics of 

the feedstock such as moisture content, volatile solids, nutrient content, particle size and 

biodegradability are all important for process stability and biogas production (Uçkun Kiran et al., 

2014). 
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Figure 2.8 An overview of AD process and microbial enzymes responsible for catalysing carbon flow 

(Divya et al., 2015). 
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The anaerobic digestion of FW is not a simple process. According to Ike et al. (2010), a group of 

microorganisms such as Actinomyces, Thermomonospora, Ralstonia and Shewanella are 

involved in the degradation of FW into volatile fatty acids, whilst Methanosarcina and 

Methanobrevibacter/Methanobacterium mainly contribute to methane production. Nevertheless, 

numerous studies have shown that FW is a good alternative feedstock for AD because of its high 

degradability and biogas/ methane yield, as shown on Figure 2.9. 

Figure 2.9 Methane yield from different feedstocks including food waste. (Appels et al., 2011). 

Table 2.5 Reactor type and methane yield from different feedstocks including food waste.  

Substrate Reactor Type 
BMY/SMP  

(NLCH 4/kg VS added) 
Reference 

OFMSW Full-scale, CSR 360 Bolzonella et al. 2006 

OFMSW Lab-scale , CSR 370 Bouallagui et al., 2005 

OFMSW Lab-scale ,two-phase 365 Cho et al., 1995 
OFMSW Pilot-scale Batch 210 Di Maria et al., 2013 

FVW Pilot-scale CSR 420 Lin et al., 2011 

FVW Lab-scale, Batch 335 Di Maria et al., 2015 
FVW Two stage, N.R 530 Lee et al., 1999 

FW Two stage, N.R 440 Gunaseelan VN, 2004 

FVW Single stage, Batch 180-732 Cho et al., 1995 

Potato waste Two stage, N.R 390 Zhang et al., 20007 

FW Single stage, Batch 440 Forster-Carneiro et al. 2008 
FW Two stage CSTR 464 Kim et al., 2010 

FW Single stage, Batch 220 Kim et al., 2008 

FW Three stage system, UASB 254 Park et al., 2008 
FW Single stage 399 Moon & Song, 2011 

FW Single Stage, CSTR 455 Dai X et al., 2013 

FW & SS Single Stage ,N.R 465 Molino A et al., 2013 
FW Single Stage ,N.R 410 Zhang C et al., 2013 

FVW Sequencing batch reactors 420 Bouallagui et al. (2005) 

Household waste low-cost household digesters 350 Ferrer et al. (2011) 

*OFMSW (organic Fraction of Municipal Solid Waste); FVW (Fruit and Vegetable Waste); SS (Sewage Sludge). 

Table 2.5 details the methane obtained by different organic wastes as feedstocks under distinct 

reactor types. Overall, organic wastes including food waste, fruit and vegetable waste, household 

waste and the organic fraction of municipal solid waste (OFMSW) heralded satisfactory methane 

yields, ranging from 210 - 732 NLCH4/kg VS added, with higher methane yields usually related 

to two-stage systems. This can be attributed to the spatial separation between bacteria 

communities (fermentative and methanogenic) allowing a better control of environmental 
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conditions for each group (Mota and Zaiat, 2018).  Compared to other substrates such as branches, 

office paper and grass, the FW related ones such as vegetable (sugar beet) and fruits (mango and 

lemon peels) yielded, on average, 400% more methane (Appels, Lauwers, et al., 2011). 

FW includes fruit and vegetable waste, as well as the organic fraction of municipal solid waste 

(OFMSW) and any waste originating in households, with each category, giving rise to different 

methane yields. Cho et al. (1995), for example, has reported the methane production capacities 

of 54 different fruit and vegetable wastes ranged from 180ï732mL/gVSadded, depending on the 

origin of wastes. Di Maria et al. (2013) on the other hand, analysed the methane yield from the 

organic fraction of municipal solid waste and obtained lower value than fruit and vegetable wastes 

(210 mL/g VS added)(Table 2.5). 

Figure 2.10 Digesters sites at the United Kingdom. From: ADBA (2020). http://adbioresources.org/map  

Anaerobic Digestion in the United Kingdom is already well established. In 2012, the UKôs 

aggregate AD plant operating capacity was over 5.4 million tonnes of material, and the electrical 

generating capacity at these plants was 216MW, meaning that more than 1 TWh of energy is 
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recovered by this process (WRAP, 2013). Nevertheless, there is an increasing number of digesters 

being implemented (Figure 2.10). As well as energy, the higher number of AD plants will generate 

more of the end product known as digestate. 

Figure 2.11 Net electrical energy, tonnes of fruit and vegetable waste (FVW) introduced daily in the digester 

of the full-scale waste water treatment plant (WWTP), co-generator efficiency (ɖel) and power 

output (kWel) (Di Maria et al., 2015). 

Moreover, just like a Wastewater Treatment Plant - WWTP, AD plants treating FW need to deal 

with the fact that the influent (substrate) characteristics fluctuates over time and are, at least in 

part, highly heterogeneous. Therefore, it is not possible to predict future compositions of received 

feedstock because the dynamics of society and industry constantly results in transients (Madsen 

et al., 2011). Despite the fluctuations in substrate composition and hence the net energetic value 

produced in a WWTP treating FW, the typical energy net value is usually high (increasing with 

the Organic Loading Rate - OLR up to 2kgVS m-3day-1, with a slight decrease after this value) 

generally suggesting that this is an adequate and profitable substrate for AD (Figure 2.11). 

2.4.2 Food waste pre-treatments for AD  

According to European Union Regulation EC1772/2002 (Commission of the European 

Communities, 2002), substrates such as MSW, FW, and slaughterhouse wastes need to be 

pasteurized or sterilized before and/or after AD. Considering this regulation, pre-treatment 

methods could be applied, thus eliminating the extra cost for sterilization (Eggeman and Elander, 

2005; Hendriks and Zeeman, 2009).  

The main incentive for applying pre-treatments on organic wastes, including FW, is mainly 

related to improving biomass-to-energy conversion by making the substrate more suitable for 

digestion. Disintegration methods have recently attracted attention to alter the structure and 

composition of the biomass thereby addressing the low digestion efficiency often encountered in 

industrial scale applications of AD (Appels, Lauwers, et al., 2011). 
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The effects that pre-treatment may have on a substrate depend on its type and characteristics. If 

the solubilised material is inherently easily biodegradable, the effect on biodegradability 

enhancement may be limited (Lissens et al., 2004). The positive effects of pre-treatment are 

numerous and include: (i) improvement of the surface properties for better microbial interactions; 

(ii ) reduction and/or removal of the toxic compounds that may affect the process; (iii) 

improvement of the hydrolysis rate kinetics for proteins and lipids and (iv) increase of the 

accessibility of certain compounds (Carlsson et al., 2012; Kudakasseril Kurian et al., 2013; 

Monlau et al., 2013; Karthikeyan and Visvanathan, 2013; Fisgativa et al., 2017).  

Additionally, substrate modifications resulting from pre-treatment have the potential to influence 

the AD process performance by altering the rate and extent of degradation, both of which are 

directly correlated to the methane yield, VS reduction and/or productivity. The former occurs by 

breaking insoluble polymer chains into soluble components, thus making the reaction products 

more biodegradable as well as more accessible for bacteria to digest, while the latter is increased 

by the release or exposure of organic material that was originally inaccessible to microorganisms 

or the transformation of material that was originally not biodegradable (Bougrier et al., 2007). 

The beneficial alterations of the substrate arising from pre-treatment result in acceleration of the 

process and as a result, reduces digestion time (HRT).  

The effort in enhancing AD via pre-treatment methods is not a new strategy. It has been developed 

over the last 30 years (Haug et al., 1978; Stuckey andMcCarty, 1984; Weemaes and Verstraete, 

1998; Neyens and Baeyens, 2003; Hendriks and Zeeman, 2009; Pilli et al., 2011) with the main 

objective being to increase operational methane yield in order to arrive as close as is possible to 

the potential methane yield of the substrate at the highest feasible digestion rate (Carlsson et al., 

2012). On the other hand, disadvantageous impacts from pre-treatments can also occur such as 

formation of refractory compounds and/or loss of organic material, hindering methane production 

(Carrère et al., 2010). 

Pre-treatment focused AD optimisation has ranged from finding suitable treatments for each 

substrate (e.g. mechanical, thermal, physico-chemical, chemical, thermochemical and microwave 

(MW) irradiation) as well as finding economically feasible way of combining them. Each one of 

these will be briefly discussed below, with a special focus on MW irradiation (Hendriks and 

Zeeman, 2009). 

2.4.2.1 Mechanical  

This type of physical pre-treatment is one of the few available for the full-scale biogas process 

(Lindmark et al., 2012). It includes techniques like milling, grinding, sonication, lysis-centrifuge, 

liquid shear, collision, high-pressure homogenizer, maceration, and liquefaction. It is generally 

successful in improving AD performance depending on the material properties and the technique 

used (Lindmark et al., 2012). According to Ariunbaatar et al. (2014) size reduction using bead 

mills, electroporation and liquefaction pre-treatments of OFMSW has been studied at lab scale, 

whereas rotary drum, screw press, disc screen shredder, FW disposer and piston press treatment 
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have been successfully applied at full -scale AD. The principal advantage of this type of pre-

treatment is the possibility of disintegration of solid particles of the substrates, which releases cell 

compounds, increasing the specific surface area (providing better contact between substrate and 

anaerobic bacteria), thus enhancing the AD process (Skiadas et al., 2005; Carrère et al., 2010; 

Elliott and Mahmood, 2012). It doesnôt generate odour, is easy to implement, has better 

dewaterability of the final anaerobic residue and has moderate energy consumption. In contrast 

to chemical and thermochemical methods, mechanical treatment produces no toxic and/or 

inhibitory by-products during the disintegration step (Hendriks and Zeeman, 2009).  

Major detrimental effects include: a) the additional energy yield may be lower than the energy 

supplied for disintegration, and b) heating of the substrate which may result in loss of volatile 

substances with consequent reduction of methane potential (Hendriks and Zeeman, 2009; Kratky 

and Jirout, 2011; Mönch-Tegeder et al., 2013).  

The effects of mechanical pre-treatment on the OFMSW reported in the literature are 

contradictory. Davidsson et al. (2007) investigated the biomethane potential of source-sorted 

OFMSW pre-treated with different mechanical methods including screw press, disc screen 

shredder, FW disposer and piston press. The authors found small variations in each methane 

yields per gVS (gram volatile solids) varying from 275 and 410 Nm3 CH4/ton VS added, with no 

statistical difference between them.  

Hansen et al. (2007) studied the effects of the same pre-treatment technologies on the quantity 

and quality of source-sorted OFMSW. They showed a positive relation between the use of screw 

press pre-treatment and a decrease in substrate particle size. Another finding was that a shredder 

with magnetic separation yielded a higher methane production (5.6ï13.8%) compared to the other 

methods. In contrast, Bernstad et al. (2013) reported that although the screw press enhances 

biogas production in general, there is a loss of biodegradable materials, including important 

nutrients for bacterial activity via this method, thus suggesting that attention should be paid in 

order to ensure adequate amount of organics are entering the process. 

Mechanical treatments such as Electroporation of OFMSW resulted in 20ï40% higher biogas 

production (Carlsson et al., 2008) and liquefaction resulted in 15ï26% higher biogas production 

(Toreci et al., 2009) Sonication yielded 16% higher cumulative biogas production than untreated 

substrates (Cesaro and Belgiorno, 2014). 

Palmowski and Muller (2000) investigated the effect on anaerobic biodegradability of 

comminution of organic material using various machines. The authors demonstrated that size 

reduction of very fibrous substrates such as maple leaves and hay stems resulted in up to an 18% 

increase in biogas production. Biogas production from mixtures of apples, carrots, potatoes and 

meat, which have low fibre contents (very biodegradable), showed no improvement. These two 

scenarios demonstrate that the effects of particle size reduction depend on substrate 

characteristics, with highly biodegradable substrates receiving little benefit from this strategy.  
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A reluctance to adopt mechanical methods originates from a misrepresentation of the pre-

treatment effect on the surface area of some substrates, especially for fibrous materials. In this 

case, there can be substrate damage, which increases the surface area without decreasing particle 

size (Hartmann et al., 2000). 

2.4.2.2 Ultrasound pre-treatment 

Another category of mechanical pre-treatment is ultrasound. The frequency range for ultrasound 

(US) is between 20 kHz and 10 MHz. This process is feasible in an aqueous environment. The 

application of US at frequencies between 20 to 40 kHz results in the formation of small bubbles 

due to localized pressure drops below the vapor pressure of the aqueous phase. The bubbles 

oscillate, grow, and collapse in a nonlinear manner and create cavitations, which in turn, cause 

strong mechanical shear forces and extreme temperature increases inside and around the bubbles 

(Chu et al., 2001).  

The advantages of US disintegration are the absence of secondary, or additive, toxic compounds 

(Khanal et al., 2007) The size reduction efficiency depends on the sonication time (Tiehm et al., 

1997), ultrasonication density (Benabdallah El-Hadj et al., 2007; Show et al., 2007; Laurent et 

al., 2009), sonication power (Mao and Show, 2006), and sample characteristics (Cao et al., 2006).  

Köksoy and Sanin, (2010) studied the effect of the F/M ratio under sonicated and unsonicated 

sludge using batch MAD assays. Sonicated reactors treating sonicated sludge always produced 

higher cumulative amounts of methane compared to unsonicated reactors with the same F/M ratio. 

Their results suggest that the extent of waste degradation was increased by US pre-treatment. 

2.4.2.3 Physico-chemical pre-treatment 

This type of pre-treatment is characterized by the combination of physical (e.g. grinding) and 

chemical (e.g. acid/alkali) or thermal (e.g. wet type; low temperature) technologies for improving 

the FW properties prior to AD. Li and Jin (2015), combined physical (grinding to 1ï2 mm) and 

thermal (120 °C, 50 min) pre-treatment on FW, achieving a maximum of 32% higher biogas yield 

(over control). 

Karthikeyan et al., (2018) pre-treated FW with acid (alone), but were not successful in improving 

carbohydrate solubilisation from FW, achieving 45% lower biogas yield. Alkali pre-treatment on 

the other hand, improved the CH4 yield by 25% in comparison to the control. However, the most 

successful strategy was to combine alkali and thermal pre-treatment, which improved the methane 

yield by approximately 32% over control (Naran et al., 2016). 

2.4.2.4 Wet air oxidation (WAO)  

Wet air oxidation (WAO) is a physico-chemical process applied to solid wastes with the purpose 

of oxidizing high organic matter content, using high temperatures (150-370 ºC) and high pressures 

(5-15 MPa). The high temperature is responsible for preparing the system for oxidation, whilst 
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the high pressure oxygen reacts with organic matter to produce inorganic salts and simpler forms 

of biodegradable and non-biodegradable compounds (Shahriari, 2011). 

Lissens et al. (2004) tested the effect of WAO on AD enhancement for a variety of solid biowastes 

including; FW, yard waste and digested biosolids. The pre-treatment conditions were 

temperatures ranging from 185 to 220 ºC, pressures between 0 and 1.2 MPa and a constant 

reaction time of 15 minutes They were able to identify SCOD concentrations 4.8 to 5.9 times 

higher than controls at high pressures, whereas it was only a factor 2.3 to 3 times higher for low 

pressures. The principal conclusion was that higher oxygen pressures during WAO of digested 

biowastes (in a full-scale plant) promote an improvement in total methane yield and stabilization 

kinetics by 35-40%. 

2.4.2.5 Chemical pre-treatment 

Chemical pre-treatment offers the destruction of organic compounds by means of acids, bases, or 

extracellular enzymes (Liu et al., 2012). Acid pre-treatment is known to be an efficient method 

to solubilize carbohydrates, while alkali pre-treatment is efficient in solubilisation of proteins and 

lignin as well as lipid saponification. For this reason, easily biodegradable substrates containing 

large amounts of carbohydrates such as FW does not benefit from this process, once it accelerates 

the degradation and subsequent accumulation of VFA, fact known for altering methanogenesis 

(Wang et al., 2011). Other disadvantages associated with the acid pre-treatment include the loss 

of fermentable sugar due to the degradation of complex substrates, the high cost of acids and the 

additional cost for neutralizing the acidic conditions prior to the AD process (Taherzadeh and 

Karimi, 2008; Kumar and Murthy, 2011). 

Practical measures need to be adopted when using this method. For example, due to the corrosive 

nature of chemicals used in acid pre-treatment (e.g. H2SO4, HCl, etc.) there is a need for non-

corrosive coatings on the equipment. Under acid/alkali pre-treatment, the FW to acid/alkali ratio 

needs to be optimized based on the total solids contents and strength of the acid/alkali used. 

Moreover, because of the easy formation of inhibitory compounds such as phenols and furans, 

the FW characteristics must be evaluated (Monlau et al., 2013). Similar to other pre-treatments, 

the effectiveness depends on the type of method applied and the characteristics of the substrates. 

Torres and Lloréns (2008) evaluated the effects of alkaline pre-treatment on the solubilisation 

degree and AD of OFMSW. The authors found good solubilisation with 11.5% of the COD 

solubilized under an alkali concentration of 62.0 meq Ca(OH)2/L (equivalent to 2.3 g Ca(OH)2/L) 

and contact time of 6 hours, considered to be optimal. Furthermore, a VS removal of 94.0% was 

achieved, responsible for a maximum methane yield 172% higher than the control. Nevertheless, 

as the concentration of Ca(OH)2 increases, there was a decrease in solubilisation. This was 

attributed by the authors to the instability caused by the formation of complex, non-soluble, 

compounds. 
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2.4.2.6 Thermochemical pre-treatment 

A combination of thermochemical and biological pre-treatments were used by Fdez.-Güelfo et al. 

(2011) to enhance solubilisation of OFMSW (TS of 30%). For the biological treatment the authors 

used mature compost, fungus Aspergillus awamori and activated sludge. The thermochemical 

treatment conditions were NaOH (1-5 g/L), temperature 120-180 °C, oxidizing atmosphere (N2 

and air) and contact time of 30 minutes. The authors found that thermochemical pre-treatment 

showed higher solubilisation compared to individual biological pre-treatments. Nevertheless, by 

combining the two methods using optimum pre-treatment conditions of 180 °C with 3 g NaOH/L 

and 3-bar pressure, it was possible to obtain even better results in terms of solubilisation (2.5 

times higher than the control). 

2.4.2.7 Thermal pre-treatment 

Thermal pre-treatment of organic waste, specifically food/ kitchen waste, has been widely tested 

with positive results on AD performance and has been successfully applied at industrial scale 

(Carlsson et al., 2011).  

The benefits of this treatment are numerous and include: a) pathogen removal, b) enrichment of 

the spore-forming bacteria in FW (which reduces the accumulation rate of organic acids), c) 

possible avoidance, or reduction in, toxicity effects of some FW components, d) improvement in 

dewatering performance of AD end products and reduction in the viscosity of the digestate (with 

subsequent enhancement of its handling ease (Marin et al., 2010; Liu et al., 2012; Hao et al., 

2015). 

Similar to mechanical pre-treatment, thermal pre-treatment can also result in loss of volatile 

organics. Nevertheless, it should be noted that thermal treatment may lead to partial degradation 

of sugars and other nutritional components, as well as side reactions (e.g. the Maillard reaction) 

through which the amounts of useful sugars and amino acids are reduced (Mottet et al., 2009). It 

should be chosen as a pre-treatment method carefully, therefore, based on specific waste 

characteristics. 

Ma et al. (2011) validated the positive effects of autoclaving kitchen waste at 120 ºC and 1 bar 

for 30 minutes. The effects on both solubilisation and biogas production were remarkable: a 19% 

higher COD solubilisation and 48% higher biogas production when compared to the AD of non-

treated kitchen waste. 

Wang et al. (2006) on the other hand, tested different thermal conditions for FW pre-treatment:  

70 ºC for 2 hours and 150 ºC for 1 hour, using a hybrid anaerobic solidïliquid system. The authors 

showed that in general the pre-treatment was beneficial in terms of overall AD process 

performance since the time needed to produce the same amount of methane as the control 

(untreated waste) was reduced by up to half. 

Schieder et al. (2000) pre-treated FW from a restaurant using conventional heating with 

temperatures between 160 and 200ºC, pressures up to 4 MPa and residence times of up to 60 min. 
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The authors observed a significantly improvement in the rate of biogas production as well as a 

shortening of the of AD duration, which were both attributed to an increased rate of hydrolysis.  

Different authors have investigated the effects of the final temperature on AD performance. 

Thermal treatment of FW at low temperatures (<100ºC) did not result in enhancement of the 

biogas production (Chamchoi et al., 2011; Liu et al., 2012). Under higher temperatures (>170ºC) 

this treatment can lead to the formation of inhibitory compounds such as melanoidins.   

Liu et al. (2012) who tested the effects of thermal pre-treatment on both FW and fruit and 

vegetable waste at 175°C, reported a 7.9% and 11.7% decrease of the biomethane production, 

respectively, due to the formation of melanoidins. Bougrier et al. (2007) suggested that thermal 

pre-treatment at high temperatures (>170°C) might lead to the creation of chemical bonds and 

result in the agglomeration of the particles, affecting methane production. 

Minowa et al. (1995) changed the phase state of model OFMSW from solid to a liquid slurry by 

thermal liquefaction using different temperatures (150, 200, and 250ºC). The conclusions were 

that the change in the form of the waste leads to changed viscosity with a significant decrease in 

this parameter as the temperature increases and a corresponding improvement in digestibility. 

Inoue et al. (2002) also used high temperature for liquefaction of OFMSW using thermochemical 

process with temperatures between 150 ºC and 250 ºC and pressures varying between 3.5 and 7.0 

MPa in addition to a mechanical disruption. In this case, a temperature of 175 ºC was considered 

optimum for the liquidization of the waste as a pre-treatment prior to AD. The authors observed 

that the liquid slurry had a greater proportion of lower molecular weight organic acids than the 

mechanically disrupted OFMSW, suggesting that the liquidization of OFMSW could have 

advantages over particle size reduction when subjecting the treated substrate to AD. 175ºC was 

also considered optimum for mesophilic methane production resulting in a 27% increase in 

methane production compared to the control. 

Sawayama et al. (1997) investigated the effect of mechanical pre-treatment and thermochemical 

liquidization coupled with sodium carbonate (5% on a dry solid basis) at a final temperature of 

175ºC and 4 MPa with one hour holding time as strategies to enhance AD of kitchen waste. The 

authors found that by anaerobically digesting the liquidized waste, it was possible to obtain twice 

the biogas yield after 4 days of digestion than that produced from mechanically disrupted garbage 

for the same period. 

The thermal process, with or without mechanical pre-treatment (i.e., grinding), has been proven 

to achieve a significantly higher CH4 yield than in the control (Naran et al., 2016) and is thus 

considered by many to be the most reliable pre-treatment option for FW prior to AD. 
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2.4.2.7.1 Microwave irradiation  pre-treatment 

In the recent years, microwave irradiation has been investigated as an alternative strategy to pre-

treat organic wastes and enhance AD process performance. There are important differences 

between conventional heating and microwave irradiation. In the former, the temperature increases 

from the outside to inside the body by means of convection, conduction and radiation. Therefore, 

in practical terms, the energy is transferred through the vessel and further dissipated throughout 

the medium causing the hot plates to remain active after the completion of the sample heating, 

hence increasing the likelihood of heating the sample to dryness (Figure 2.12) (Shahriari et al., 

2011). 

Figure 2.12 Comparison of Temperature Distribution for Conventional and Microwave Heating process 

(CEM Inc.) Shahriari et al. (2011). 

In contrast, microwave energy is delivered directly to materials through molecular interaction 

with the electromagnetic field and therefore MW irradiation promotes a temperature increase 

throughout (and from within) the subject material. This difference in the way thermal energy is 

delivered can result in many potential advantages to using microwaves such as reduced processing 

times and energy savings (Plazl et al., 1995; Thostenson and Chou, 1999). 

MW radiation induces molecular and ionic motion (representing mechanical or vibrational 

energy) in certain materials. Since temperature is a measure of average vibrational (or kinetic) 

energy the vibrational energy is synonymous with thermal energy. This principle is known as the 

thermal effect (Vela and Wu, 1979; Fung and Cunningham, 1980). It is especially effective if the 

subject material contains dipole molecules (i.e. molecules with a positive electrical charge at one 

end and a negative electrical charge at the other end). Water has dipolar molecules and is thus 

very susceptible to microwave heating. When a food sample is exposed to MW radiation at a 

frequency near 2.45GHz (wavelength 12.25 cm), dielectric heating is caused due to absorption of 

https://www.sciencedirect.com/science/article/pii/S0043135407001832#bib38
https://www.sciencedirect.com/science/article/pii/S0043135407001832#bib12
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energy by its susceptible components including water, fats and sugars (Shahriari et al., 2011).  

Since the thermal energy is generated in the target material directly, rather than conducted and 

convected from the outside, the thermal losses of the process are generally lower than for 

conventional heating (Tang and Chan, 2007). 

FW exposed to MW radiation is also subjected to an athermal effect. Differently from the thermal 

effect, this is caused by possible breakage of hydrogen bonds leading to denaturation and death 

of bacteria when the polarized parts of macromolecules align with the poles of the electromagnetic 

field (Loupy, 2002).  This effect has the potential to make complex organic molecules unfold and 

fracture becoming smaller, thus promoting its solubilisation. A consequence is an increase in the 

hydrolysis rate of anaerobic digestion since the organic matter becomes more readily 

biodegradable for the microorganisms (Eskicioglu et al., 2007; Marin et al., 2010) 

Several factors influence microwave processing, including the properties (frequency and field 

strength) of the electromagnetic field, chemical composition of the material being processed, 

structural changes that occur during processing, size and shape of the material fragments being 

heated. These are all aspects of the  microwave/materials interaction physics (Thostenson and 

Chou, 1999).  

Each material has a specific ability to absorb microwave energy. Materials with a high electrical 

conductivity  such as metals (e.g. aluminium, steel) do not allow electromagnetic fields to 

penetrate to any significant depth. The electromagnetic radiation is effectively óreflectedô from 

the surface layer and for this reason such materials are not suitable for microwave heating. 

Materials with low conductivity but low dielectric loss factors (e.g. quartz) have a large 

penetration depth but little of the penetrating electromagnetic energy is converted to thermal 

energy. These materials are effectively transparent to MW radiation. 

Materials that have low conductivity and high dielectric loss factors (e.g. water) absorb MW 

energy most effectively. Figure 2.13 compares, qualitatively and schematically, several types of 

material with respect to their propensity to absorb MW energy.  In many studies with FW water 

is present (as a solvent or as one component in the mixture) and acts as the primary MW energy 

absorber. The heat energy arising from the dissipation of MW energy in the water is then 

conducted to the other substances/substrates in the mix. Conventional heating transfers heat most 

efficiently to materials with high thermal conductivity (Thostenson and Chou, 1999).  

https://www.sciencedirect.com/science/article/pii/S0043135407001832#bib25
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Figure 2.13 Relationship between the dielectric loss factor and ability to absorb microwave power for some 

common materials (Thostenson and Chou., 1999). 

The dielectric loss factor of a substance is generally a function of the frequency of the 

electromagnetic field. At 2.45 GHz, the dielectric loss, and thus the heating rate, of water is a 

maximum. The loss factor of water drops rapidly when the frequency reaches 30 GHz (Fini and 

Breccia, 1999).  

In recent years, MW irradiation of sludge has attracted interest as it may simultaneously improve 

digestion and decrease the pathogen content. Table 2.6 shows some of the work conducted on 

microwave of sewage sludge in the last two decades, with most of the results/findings being 

positive, with successful process improvement, including SCOD increase, VS destruction 

increase and methane or biogas enhancement. 

 Park et al. (2004) investigated the feasibility of applying MW radiation to domestic wastewater 

sludge for improving AD. The authors reported that when sludge was microwaved to its boiling 

temperature, there was an increase in solubilisation (SCOD/TCOD increased from 2 to 22%). 

Moreover, this pre-treatment was able to promote an increase of methane production of 79% in 

relation to a control. Ultimately, the MW pre-treatment of sludge resulted in a decrease in the 

HRT of the AD from 15 to 8 days, which would result in a reduction in processing cost.  

Hong et al. (2006) obtained benefits using MW pre-treatment on primary sludge (PS), WAS and 

anaerobic digester sludge. When these substrates were irradiated with MWs to a final temperature 

of 70ºC, there was an increase in solubilization for all of the substrate tested. The increases were 

16%, 125% and 45%, respectively. Nevertheless, the biogas production improvement was only 

significant for PS at 85ºC and 100ºC, which exhibited an increase of 11.9% and 22.7% 

respectively. MW benefits thus vary depending on substrates. 
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Zheng and Kennedy (2006) tested the effect of MW irradiation on primary sludge (PS) at different 

temperatures (65 and 90ºC) and various intensities. They showed a two to three-folds increase of 

SCOD and a 15% to 30% improvement in the rate of biogas production for 65 and 90ºC 

respectively.  Despite this, the ultimate degradability of PS remained unchanged. 

Table 2.6 Microwave pre-treatment of sewage sludge and main effects observed. 

Qiao et al. (2008) investigated the treatment of fresh sludge by MW irradiation combined with 

alkali pre-treatment (0.2 g NaOH/g-DS). They found that MW heating alone reduced VSS by 

40% at 170 ºC within 1 minute. Nevertheless, when the chemical agent was reduced to 0.05 g 

NaOH/g-DS the VSS dissolution ratio increased to 50% suggesting that a smaller amount of 

Alkali substances in needed in improving solubilisation with a potential to reduce chemical costs. 

Coelho et al. (2011) investigated the effects of MW pre-treatment (final temperature of 96°C) on 

the AD of thickened waste activated sludge (TWAS) on one and two stage reactors under 

thermophilic and mesophilic conditions at four different HRTs (5, 10, 15, 20 days). For the two-

phase reactors, both steps operating under thermophilic conditions with an SRT of 5 days, a 106% 

enhancement in biogas production was observed in relation to the one stage mesophilic reactor. 

Author  Substrate Temperatures 
Ramp rate 

(total time) 

Hold 

time 

Digestion 

Type 
Findings 

Coelho et 

al. (2011) 

Waste 

Activated 

Sludge 

96°C 
14.4°C/min 

(6min) 
_ 

Semi-

continuous 

Mesophilic 

Improvement: 

  SCOD content, 

VS removal 

Biogas 

production 

Hong et al. 

(2006) 

Primary 

(PS) and 

Waste 

Activated 

(AS) 

Sludge 

70 and 100°C _ _ 

Semi-

continuous 

Mesophilic 

Improvement in 

SCOD content 

(18% for A.S); 

23 and 15% 

increase in 

methane 

production for 

P.S and A.S 

respectively.  

Toreci et 

al. (2009) 

Waste 

Activated 

Sludge 

175°C 

3.75 and 

1.25°C/min 

(40 and 120min) 

1min 

Single and 

dual semi-

continuous 

mesophilic 

Increase 

solubilization at 

low heating rate 

but inhibition. 

Increase in 

biogas 

production at fast 

heating rate; 

Zheng et 

al. (2009) 

 

Primary 

sludge 

35, 

60 

90°C 

Fast  

(80% total Power) 

Slow  

(40% total power) 

_ 
Batch tests 

(BMP) 

No sig. 

difference of 

methane 

production and 

biodegradability 

between different 

heating rates. 

Eskicioglu 

et al. 

(2007) 

Waste 

Activated 

Sludge 

50 

75 

96°C 

1.2(36min) 

1.3(58min) 

1.4°C/min(80min) 

_ 
Batch tests 

(BMP) 

No sig. 

difference of 

methane 

production and 

biodegradability 

between different 

heating rates. 

96°C higher 

biogas 

production  
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On the other hand, when MW pre-treated sludge was digested at the one stage reactor, regardless 

of being under mesophilic or thermophilic, it exhibited an improvement in relation to the control, 

with the latter having the best biogas improvement (83%) at an HRT of 20 days. Their study 

confirmed that for single-stage reactors there was a decrease in waste stabilization efficiency 

resulting from MW pre-treatment at shorter HRTs. For the two-stage reactors operated at the same 

HRTs waste stabilization was increased with and without MW pre-treatment. 

Yu et al. (2010) also investigated the effects of MW pre-treatment on WAS. However, in contrast 

to Coelho et al. (2011), they the studied physical and chemical characteristics of WAS after MW 

pre-treatment to determine the optimum conditions for microwaving to achieve high SS 

disintegration. Different set of power (500, 750, and 900 W) and contact times (0-140 seconds) 

were tested. Their results show a direct relationship between the increase of VSS solubilisation 

and both MW power and contact time. After longer irradiation (140 seconds), VSS solubilisation 

was 24.7%, 25.7% and 29.6% at 500 W, 750 W and 900 W, respectively. For the same contact 

time there was also an increase in the SCOD/TCOD from 0.0622 (raw sludge) to 0.1571, 0.1581 

and 0.1611 at powers of 500W, 750W and 900W, respectively. The authors reported 900W and 

60 seconds as being the optimum condition for sludge digestibility and energy consumption. 

Eskicioglu et al. (2007) investigated low temperature (50 and 96 ºC) MW treatment of TWAS. 

Similar to other studies discussed here, the authors showed positive effects on solubilisation with 

a 3.6 and 3.2-fold increase in SCOD/TCOD ratio for 50 and 96 °C respectively. MW pre-

treatment was also beneficial in improving AD by enhancing methane production, with 13% and 

17% increases for 50 and 96 °C respectively. All samples showed similar improvement in VS 

destruction compared to the controls. Similar to Kennedy et al. (2007) temperature was found to 

be the most important factor affecting WAS solubilisation. 

As previously stated, the combination of thermal and athermal effects of MW irradiation can 

disintegrate organic components in FW into smaller particles making them more available for 

microorganisms in AD and potentially enhancing methane production. Only two studies, 

however, have been reported on the effects of this pre-treatment, and understanding of the full 

effect of such treatment on the chemical and physical characteristics of the waste, microorganisms 

and process performance is still incomplete. These two studies are now discussed. 

Marin et al. (2010) reported the effects of microwave irradiation on the anaerobic biodegradability 

of model kitchen waste (a mixture of different components such as cabbage, cooked rice, oats, 

dog food and eggplant). The pre-treatment conditions were heating rates of 7.8, 3.9 and 1.9°C/min 

and a final temperature of 175°C with 1 min temperature holding time. Two different fractions of 

the waste were tested: liquid/supernatant fraction and the solid fraction designated as whole 

fraction.  

The authors reported that MW irradiation was successful in solubilising not just COD but also 

proteins and sugars in the supernatant phase, as well as in the whole fraction of pre-treated KW 
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compared to controls. The solubilisation of COD was more evident in the supernatant phase, 

reaching values of 82, 68 and 99% at heating rates of 7.8, 3.9 and 1.9°C/min, respectively. In the 

whole fraction, solubilisation increased by 24, 14 and 20% for the same HRs compared to 

controls. In terms of biodegradability improvement, the authors observed that for the soluble 

fraction there was an increment of between 5% and 16% relative to controls. On the other hand, 

for the whole fraction, there was only an improvement for the most rapid heating rate (7.8°C/min) 

by 9% suggesting that solubilisation rates are not always linked to biodegradability improvement. 

As expected, the increased solubilisation and biodegradability rates for all heating rates of the 

soluble fraction were followed by an increase in biogas production, with an average of 16% more 

biogas at 3.9 and 1.9 °C/min, compared to 5% at 7.8°C/min. For the whole fraction, the 

improvement in biogas production (of 11.76%) was only observed for the most rapid heating 

(7.8°C/min). Overall, the authors concluded that MW irradiation is effective in solubilising 

organic matter, improving biodegradability and biogas production from kW, especially the 

soluble fraction. The disposal of the whole fraction and all its environmental and economic 

impacts needs to be considered, however. 

Shahriari et al. (2012) investigated the effects of pre-treating OFMSW with a combination of MW 

irradiation and hydrogen peroxide. The main variables affecting the characteristics of the 

OFMSW were temperature (115-175°C) and supplemental water additions of 20% and 30% 

(SWA20 and SWA30). Both fractions (liquid and whole) were evaluated. According to them, the 

combination of high temperatures (>145°C) and chemical pre-treatment resulted in a larger 

component of refractory material per gCOD causing a decrease in biogas production. The whole 

fraction of OFMSW pre-treated at 115 and 145 °C, to the contrary, exhibited a 4ï7% improvement 

in biogas production compared to control. However, at higher pre-treatment temperature of 

175°C, there was a decrease in biogas production attributed to the formation of refractory 

compounds, inhibiting digestion. Regarding the liquid fraction of OFMSW, SWA20 at 145°C 

exhibited a more pronounced biogas increase of 26% after eight days of digestion relative to 

untreated samples. The authors concluded that the positive effects of combining MW and H2O2 

are negligible for the enhanced biogas production. 

Carlsson et al. (2012) performed a comprehensive literature review of the most frequent types of 

pre-treatments and their effects on different organic wastes, including household and food 

industry waste. They state that organic waste from households (Organic Fraction of Municipal 

Solid Waste ï OFMSW) is often subject to mechanical treatments (Figure 2.14). Besides 

mechanical processing, thermal and chemical pre-treatments have also been frequently studied 

with OFMSW. Nevertheless, few studies have focused on OFMSW pre-treatment with 

microwave irradiation, PEF, freeze/thaw and WO pre-treatments.  

Regarding OFMSW, the authors reported that particle-size reduction is induced only by 

mechanical pre-treatments, whereas solubilisation may result from all pre-treatment types. 

Biodegradability enhancement on the other hand, is an effect only observed for some of the 
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treatments. The addition of acid may cause formation of refractory compound (Hansen et al., 

2007). 

The review made by Carlsson et al. (2012) also included slaughterhouse waste (Salminen et al., 

2003; Luste et al., 2009; Hejnfelt and Angelidaki, 2009; Battimelli et al., 2009; Cuetos et al., 

2010) and waste from the dairy industry (Palmowski et al., 2006; Beszédes et al., 2011). The 

main pre-treatments applied in this case were thermal and chemical, followed by ultrasonic and 

microwave pre-treatments (Figure 2.14). Moreover, due to the high initial biodegradability of 

slaughterhouse waste, some pre-treatments such as thermal (70 and 133°C) and chemical (alkali) 

may have  a negligible effect (Hejnfelt and Angelidaki, 2009; Battimelli et al., 2009; Carlsson et 

al., 2012). 

Figure 2.14 Pre-treatments and substrates in the reviewed literature. Substrate pre-treatments applied to 

different substrate categories in lab-, pilot- and full-scale studies as well as discussed in reviews 

(112 papers from 1978-2011). The pie-chart illustrates the number of times each substrate-type 

occurs in combination with a pre-treatment; the total number of occurrences is larger than the 

number of articles since several articles discuss more than one pre-treatment type. The bar-

charts illustrate the distribution among the different pre-treatments for each substrate-type. The 

literature was selected so as to cover as many different types of substrates, pre-treated with as 

many processes and/or technologies as possible. (Carlsson et al., 2012). 

In contrast to OFMSW, particle-size reduction of waste from the food industry is realised by 

chemical and ultrasonic pre-treatments, while improvement in solubilisation results from all pre-

treatment types applied. The effects on biodegradability varies depending on raw substrate 

characteristics, however it can be said to be present as a result of most treatments cited here. 

It can be said with confidence that pre-treatment methods can enhance AD performance. 

Nevertheless, the high capital cost, high-energy consumption, required chemicals and 

sophisticated operating conditions (maintenance, odour control etc.) are significant factors 
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hindering their full-scale application (Mata-Alvarez, 2003; Yadvika et al., 2004; Carrère et al., 

2009). 

Regarding FW and its variations (e.g. household waste and fruit and vegetable waste), several 

pre-treatment methods have been applied to enhance methane production. Some of them have 

already been discussed here, while others are briefly described in Table 2.7. In most cases, the 

pre-treatment method applied was successful, implying in a higher biogas or methane yield. 

It becomes clear from Table 2.7 that pre- hydrolysis is a very common pre-treatment strategy. 

This is because, by enhancing the hydrolysis step, the total time spent on the AD process can be 

significantly reduced, hence diminishing process costs. Kim et al. (2006) applied thermophilic 

hydrolysis on food waste and reported a reduction on total AD process time, with an HRT reduced 

to 10 days, hence suggesting a cost-saving scenario.  

The greatest gas (biomethane or biogas) enhancement was obtained when thermochemical 

process was applied. Ma et al. (2011) tested the effect of the addition of HCl until pH reached a 

final value of 2, final temperature of 120°C and pressure of 1 bar for 30 min. The authors obtained 

a 24% higher biogas production compared to controls (no pre-treatment). Nevertheless, when FW 

was pressurized until 10 bar and then depressurized, the increase in biogas was even higher (48% 

in relation to control). The maximum increase was obtained when the authors froze the FW at 

80°C for 6 h, and thawed for 30 min. This resulted in a 56% biogas production increment in 

relation to control. 

Carlsson and Anox (2008) applied 400 pulses with electroporation to FW. The pre-treatment 

method was efficient in enhancing biogas increment, which varied from 20ï40%. This was 

attributed to substrate cell breakage.  

Zou et al (2016) used a high voltage pulse discharge (HVPD) as a pre-treatment method for FW. 

The authors showed that the chosen treatment was effective in enhancing process performance, 

with a 54% VS destruction and a total cumulative methane production equivalent to 134% higher 

than the control samples (no pre-treatment applied). 

Nevertheless, only a few pre-treatment methods, such as CambiÊ, AD with a pre-hydrolysis 

stage (two-stage AD) and mechanical treatments have been applied at full scale. It is also clear, 

from the review conducted in this chapter and the high methane yield in Table 2.7, that thermal 

pre-treatment is one of most feasible technologies for integration providing the temperature and 

pre-treatment time are optimized. 
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Table 2.7 Comparison of pre-treatment methods to enhance AD of FW. 
Substrate Pre-treatment Type of AD System Results Reference 

Food waste 
4 days microaeration with 37.5 

mlO2/Ld 
Mesophilic wet batch 

21% Higher methane yield for inoculated substrate, and 10% 
higher methane yield for non-inoculated substrate 

Lim and Wang (2013) 

Household waste 
70 °C for 60 min, 

KOH until pH = 10 
Thermophilic batch 

Methane yield of 500 mlCH4/gVS, no enhancement due to 

Pre-treatment 
Chamchoi et al. (2011) 

Household waste 160ï200° C, 40 bars for 60 min Mesophilic continuous 55ï70% COD solubilization, and 3% higher biogas production  Schieder et al. (2000) 

Household waste 
Mesophilic pre-hydrolysis 

(hydrogenogenic) 
Mesophilic continuous 

43 mlH2/gVS from first stage, 500 mlCH4/gVS from second 

stage which is 21% higher than single stage system 
Liu et al. (2006) 

Food waste Microwave with intensity of 7.8 C/min Mesophilic batch 
24% Higher COD solubilization and 6% higher biogas 

production 
Marin et al. (2010) 

Food waste  
Addition of HCl until pH = 2 
120° C, 1 bar for 30 min 19 ±  

Thermophilic batch 

13 ± 7% Higher COD solubilization and 48% higher biogas 

production. 3% Higher COD solubilization and 24% higher 

biogas production 

Ma et al. (2011) 

 
Pressurized until 10 bar and 

depressurized 
 

2 ± 7% Higher COD solubilization and 48% higher biogas 

production 
 

 
Frozen at 80° C for 6 h, and thawed for 

30 min 
 

16 ± 4% Higher COD solubilization and 56% higher biogas 

production 
 

Food waste with polylactide 
Hyper-thermophilic/thermophilic 

prehydrolysis 
Thermophilic (TPAD) 

15ï18% Higher methane conversion ratios than conventional 

thermophilic digester 
Wang et al. (2011) 

Food waste 
Semi-aerobic and anaerobic pre-

hydrolysis 
Mesophilic continuous 

95% COD destruction which resulted in methane yield of 500 

ml/gVS 
Kim et al. (2000) 

Food waste Thermophilic pre-hydrolysis Thermophilic HRT can be reduced to 10 days Kim et al. (2006) 

Food waste Thermophilic pre-hydrolysis Mesophilic 61.3% VS destruction, methane yield of 280 ml/gVS Kim et al. (2004) 

Food waste Mesophilic pre-hydrolysis 
Mesophilic continuous  

(2 stage system) 

9% and 13% Higher biogas production than mesophilic and 

thermophilic AD, respectively 
Verrier et al (1997) 

Food waste Mesophilic pre-hydrolysis Mesophilic Best results of 520 mlCH4/gTS was achieved at pH = 7 Zhang et al. (2005) 

Food waste Mesophilic pre-hydrolysis Mesophilic continuous 65 mlH2/gVS and 546 mlCH4/gVS Wang and Zhao (2009) 

Food waste Microwave = 100 °C, 600 W Mesophilic batch 
Control: 297 mlCH4/gVS added Microwaved FW: 316 

mlCH4/gVS added 
Zhang et al. (2016) 

Food waste Thermophilic pre-hydrolysis Mesophilic continuous 205 mlH2/gVS and 464 mlCH4/gVS Chu et al. (2008) 

Food waste 400 pulses with electroporation Mesophilic continuous 2 
20ï40% Higher biogas production due to substrate cell 

breakage 
Carlsson and Anox (2008) 

Food waste 
70 °C for 2 h 

150° C for 1 h 
Mesophilic continuous 

2.69% Higher methane production, 

11.9% Higher methane production 
Wang et al. (2006) 

Food waste 

Frozen/thawed and pre-hydrolysis for 7 
days 

Frozen/thawed and pre-hydrolysis for 
12 days 

Mesophilic continuous 

10% Higher COD solubilization, 23.7% higher biogas 
production. 

4% Higher COD solubilization, 8.5% higher biogas 
production  

Stabnikova et al. (2008) 

Food waste 
70 °C thermal and mesophilic 

prehydrolysis 
Mesophilic continuous 

91% of FW was converted to biohythane with 8% hydrogen 

and 83% methane 
Kim et al. (2000) 

Food waste 
 

Fruits and vegetables waste 

175° C, 60 min Mesophilic batch 
7.9% Decrease in biogas production. 

 

11.7% Decrease in biogas production 

Liu et al. (2012) 

Food Waste High Voltage Pulse Discharge (HVPD) Mesophilic batch 
54% VS solids destruction with a total cumulative methane 

production 134% higher than control 
Zou et al. (2016) 
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Food Waste 

Alkali =0.4N NaOH, pH=12.7, 1h. 

 
Alkali -thermal = 0.4NNaOH, 

autoclaved at 120°C for 30min. 

 
Thermal= 120°C for 30min. 

 

Ultrasonic= Energy intensity of 
360KJ/L, 30min. 

 

Control 

Mesophilic batch 

339.2 (+25%) mlCH4/gVSremoved. 

 
360.7 (+33%) mlCH4/gVSremoved 

 

480.8(+77%) 
mlCH4/gVSremoved 

 

432.6 mlCH4/gVSremoved 
 

 

271.7 mlCH4/gVSremoved 

Naran et al. (2016) 

Food Waste 

Commercial enzymes =10U/g dry FW 
for glyco-amylases at 60°C. 

100rpm,24h. 

 
Fungal Mash=10U/g FW for glyco-

amylases, at 60°C, 100rpm for 24h. 

 
Control 

Mesophilic batch 

457.36 mlCH4/gVS (+131%) 

 

 
 

468.2 mlCH4/gVS (+137%) 

 
 

 

197.9 mlCH4/gVS 

Kiran et al (2014) 

Food Waste 

Aeration in 10L reactor, 40°C, 50L/h, 

21%02, 2 days. 

Aeration in 10L reactor, 40°C, 50L/h, 
21%02, 4 days. 

Control 

Mesophilic batch  Fisgativa et al. (2016) 

Kitchen waste 

Physical 

2.5mm 
4mm 

8 mm 

Mesophilic batch 

 

510-630 mlCH4/gVS 
470-560 mlCH4/gVS 

460-470 mlCH4/gVS 

Agyeman and 
Tao (2014) 

Kitchen waste 

Thermal 
120°C, 10min 

120°C, 30min 

120°C, 40min 
120°C, 50min 

120°C, 60min 

Mesophilic batch 

 
112 mlCH4/gVS 

152 mlCH4/gVS 

168 mlCH4/gVS 
161 mlCH4/gVS 

129 mlCH4/gVS 

Li  et al. (2016) 

Kitchen waste 

Thermal 

55 °C, 70min 
70 °C, 70min 

90 °C, 70min 
120°C, 50min 

140°C, 50min 

160°C, 50min 
Control 

Mesophilic batch 

 

939 ml biogas (+4%) 
1135 ml biogas (+25%) 

1173 ml biogas (+29%) 
1200 ml biogas (+32%) 

885 ml biogas (-3%) 

909 ml biogas (-1%) 
911 ml biogas 

Li and Jean (2015) 

Adapted from Ariunbaatar et al. (2014) and Appels et al. (2011). 
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2.5 Digestate disposal: current challenges in the UK 

With the increase of AD worldwide as an alternative method for energy and by-product generation 

using a variety of wastes, there has been a significant increase in the amount of digestate produced 

(Curry and Pillay, 2012). Digestate is a product of anaerobic digestion and consists mainly of 

water (over 90%), undigested material, microbial biomass, and inorganic compounds 

(minerals/ash) (Lansing et al., 2010; Goberna et al., 2011; Garfí et al., 2011; Alburquerque et al., 

2012). 

At farm scale, digestate is generally mechanically separated into liquid and solid fractions. The 

former fraction is rich in nitrogen (N) and potassium (K), whereas the latter retains great amount 

of phosphorus (P) and organic matter (mainly fibres) (Sambusiti et al., 2015). Due to the 

significant concentration of nutrients, the most common global market application for this 

material is as a soil conditioner/ fertilizer (NNFCC, 2012). 

Considering the nutrient content of this material and, predictions for nutrient depletion (which, 

accounting for population growth and increase in nutrient demand, are 93 to 291 years for 

phosphorous and 235 to 510 years for potassium), digestate becomes a potential alternative for 

conventional inorganic fertilizers (Fixen and Johnston, 2012). Moreover, it has the advantage that 

it can be cheaply produced through anaerobic digestion anywhere, utilizing a wide range of raw 

materials including agro, commercial and domestic wastes. Using this material in agriculture 

could be one component in an integrated (cost effective and renewable) nutrient management 

strategy (Tamil Nadu Agricultural University, 2008; Grigatti et al., 2011).  

According to Møller et al. (2009), land-application of the digestate results in emissions of 

biogenic CO2 and N2O. Emission coefficients of CO2ïC and N2OïN for these processes were 

0.86ï0.96 of the C and 0.013ï0.017 of the N in digestate, respectively. N and P as nutrients from 

land-applied digestate replaces chemical fertilizer, thus avoiding the GHG from the chemical 

fertilizer production. The net change in GHG emission replacing chemical fertilizer with 

digestates is ï11 CO2 kg/t (Matsuda et al., 2012). 

Each type of digestate will have a different application. For example, agricultural wastes and 

energy crop waste are almost exclusively land-applied, while digestate generated from OFMSW 

and FW needs to be further managed and treated (assuming Article 6 of the EU Waste Framework 

Directive EEC, 2000 applies)(European Parliament and Council, 2000). This article states that in 

some cases certain waste shall ceased to be waste when it undergoes a recovery process 

(considering product quality, input materials, treatment processes and techniques, provision of 

information, quality assurance procedures, etc.), meaning that FW digestate can be treated as a 

óproductô (Saveyn and Eder, 2014).  

Digestate of unacceptable quality should be regarded as ñbiowasteò, which cannot be used on 

agricultural land for food or fodder crop production (Trzcinski and Stuckey, 2011). A possible 

pathway to use this stabilized biowaste is as a daily, temporary or final landfill cover. Other land 
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applications of this type of digestate include landscape restoration in discarded quarries and 

mines, anti-noise barriers, road construction, golf courses, ski slopes and football pitches 

(Amlinger et al., 2004). 

In Europe, some countries have their own digestate quality standards, e.g. PAS 110:2010 in UK 

(BSI, 2010). These digestate quality standards have specifications for hygienic standards, 

impurities, degree of fermentation, odour, organic matter content, heavy mental content, and 

parameters for declaration. The parameters for declaration include the essential characteristics 

and constituents of digestate products that help the end user determine the best practice for 

digestate land-application (Siebert, 2007). 

In the UK most of the digestate produced (99%) is spread to agricultural land as fertiliser, either 

as whole digestate or as a separated fibre, and should be in compliance with quality standard 

protocols (PAS 110) to ensure it is free from pathogens, chemicals and physical contaminants 

(Fuchs and Drosg, 2013; Horan et al., 2015). Sale price of qualified raw digestate, used as 

biofertilizer, varied (in 2015) from -18 to 5ú/t in bulking marketing (Dahlin et al., 2016). 

The UKôs higher demand for digestate began in 2006 with the increase of inorganic fertilizer 

prices, which lead to the highest recycling percentage of digestate to land as compared to other 

members of the EU in the same period (a total of 1,050,526 tonnes of Dry Solids went to land at 

that time in the UK). This product originated mainly from sewage sludge (Evans, 2012). 

Nevertheless, the digestate from FW is also good substitute for inorganic fertilizer. A research 

conducted by WRAP (2011), showed that the nutrients concentrations present in the form of 

whole digestate from FW, are similar and in some cases even higher than in traditional fertilizers. 

Total Nitrogen and Potassium for example can be found in higher concentrations (172% and 7.8 

%, respectively) in the whole digestate derived from FW than in the general-purpose ones, which 

can be beneficial in the sense that less amount of this matter is needed to enrich the soil (Table 

2.8). 

The digestate quality of OFMSW or FW usually depends on the type of AD system (e.g., wet or 

dry, batch or continuous, single-stage or multi-stage, co-digestion or mono-digestion). The 

moisture content of the digestate will be influenced by the choice between wet or dry AD, with 

the latter producing a digestate of nearly 35% solids content, having less moisture and therefore, 

requiring less energy (costs) for drying (Baere and Mattheeuws, 2010).  

Table 2.8 Comparison of food waste whole digestate and conventional fertilizer in terms of nutrients 

(WRAP, 2011). n.d= not detected. 

Product 
Whole Digestate Derived  

From Food Waste 
General Purpose Fertilizer 

Total Nitrogen (%dm) 15.00 (11.90 ï 20.50) 5.50 (4.00 ï 7.00) 
NO3-N (%dm) Trace n.d 

NH4-N (%dm) 10.50 (5.50 ï 16.00) n.d 

Total P (%dm) 0.70 (0.30 ï 2.00) 3.30 (2.50 ï 6.00) 
Soluble P (%dm) 0.10 (0.00 ï 0.20) 1.47 (0.34 ï 2.60) 

Potassium (K) (%dm) 4.70 (1.40 ï 9.30) 4.36 (2.50 ï 5.81) 
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Later, in 2009, anaerobic digestion in the UK generated 277,000 tonnes/year of digestate; with 

50,000 tonnes/year originating from municipal (kitchen/food) waste, and again its application was 

as a soil conditioner. However, the recent UK agricultural and crops requirements regarding 

digestate application to land has become stricter with the digestate originating from mixed waste 

materials being restricted to use on land restoration projects only (WRAP, 2013). 

In areas known as Nitrate Vulnerable Zones (NVZ) there is limited field spreading of nitrogen 

coming from digestate. In England, NVZ represent 58% of agricultural land. In these areas, often 

animal manure field spreading competes with digestate, as they both contain significant amounts 

of nitrogen from organic origin (Arbor, 2015). 

The surplus digestate needs to be properly stored otherwise it could result in emission of biogas 

into the atmosphere and/or odour, contamination of surface and underground water, 

contamination of soil, loss of energetic efficiency and an increased environmental impact of AD 

plants (Gioelli et al., 2011). Alternatively, it can be transported to regions with nutrients deficits 

(Rehl and Müller, 2011). 

Generally, AD and digestate management are separate units in AD plants even though a portion 

of the digestate can be recirculated back to anaerobic digesters as inoculum (Michele et al., 2015; 

Wu et al., 2017). When solid digestate is qualified as a biofertilizer for soil, the ñfood to waste to 

foodò concept includes the AD of FW with the resulting digestate used as a biofertilizer for 

vegetable production in a greenhouse (Stoknes et al., 2016). This concept could be used for small-

scale anaerobic digesters, as small amounts of digestate can easily be utilized on nearby land 

without costly, long-distance, transportation (Mouat et al., 2010). 

Alternatives to reducing these costs as well as shifting the concept of digestate from a cost to a 

revenue centre should be investigated. Many attempts to address these problems have been made 

over the past decade, including various innovative approaches to digestate valorisation. Most of 

them involve the dewatering process of the whole digestate into fibre and liquor. According to 

Reza et al. (2014), drying of the digestate is cumbersome and energy intensive. For example, 2kg 

of dry digestate requires 20.7 MJ of heat to dewater it. Moreover, the potential for ammonia 

emissions is a drawback to the drying process, with the need for maintaining the temperature 

constant to avoid ammonia loss through volatilization (Pantelopoulos et al., 2016). 

Once the digestate is separated into liquor and fibre, the most common techniques for enhancing 

the fibre are enzymatic hydrolysis, composting, alkaline stabilization land application, all 

available in the United Kingdom (Figure 2.15). On the other hand, most of these processes are 

used for converting the cake into a soil improver or act as a pathogen killing mechanism, with 

none of them resulting in actual energy recovery or elimination of the digestate except the 

enzymatic hydrolysis process, which reduces the volume of solid digestate by converting it into 

a bio-liquid that can be further used to produce bio-fuels (WRAP, 2013). 
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Recovery of energy from the fibre is possible, through process like Incineration, Gasification and 

pyrolysis (Figure 2.15). However, another drying step would have to be added to the system, 

implying more investment, and the cost-benefit analysis may not always be positive. In the case 

of food-based digestate, the dewatering process can be even more complex. The surface charge 

properties of food-based digestates make it challenging to dewater using standard approaches. 

While dewatering of food-based digestates has proven possible through selection of the correct 

polymer, polymer dose and dosing conditions still remains economically challenging (Horan et 

al., 2015). 

Pyrolysis is an alternative strategy for the management of the solid fraction (fibre) of waste. It 

offers the advantage of converting organic matter into char, bio-oil, and syngas in an oxygen free 

atmosphere (Neumann et al., 2015). Pyrolysis of the digestate from FW can produce bio-oil with 

a calorific value as high as 13.5 MJ/kg, syngas consisting of CH4, H2, CO2, and CO, and biochar 

(Neumann et al., 2015). 

Figure 2.15 Modified Overview of Digestate enhancement and treatment techniques. WRAP (2012). 

The biochar obtained from pyrolysis of digestate can also be used to immobilize metals (Cu, Pb, 

Zn) in industrial soil. Gusiatin et al. (2016) showed the efficiency of this by-product on soil 

remediation. The metal immobilization efficiency of biochar from digestate can be attributed to 

its high pH (8.83ï10.00) and high cation exchange capacity. Moreover, this type of char has a 

high fixed carbon content, 56.3ï83.2%, hence offering resistance to decomposition in soil. This 

makes it suitable for carbon sequestration (Crombie et al., 2013). 
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However, pyrolysis of digestate poses certain disadvantages, due to the high operating 

temperature, which could lead to cross-linking reactions between hydrocarbons and aromatics, 

decreasing the bio-oil yield (Liu and Zhang, 2008). Alternatively, digestate incineration can 

reduce a significant fraction of the volume and organic matter and the fertilizer elements such as 

phosphorous, potassium and calcium present in the bottom ash can be recycled (Kratzeisen et al., 

2010). 

The average investment cost for an incinerator, which depends on the economic conditions of the 

country, varies from 257 to 772 ú yearly per ton of waste (Hogg et al., 2002; World Energy 

Council, 2016). The total investment of a pyrolysis facility is, on average, 670 ú/ton yearly based 

on 10,000 tons waste/year (Delft, 2016). According to Peng and Pivato, (2019), from a 

transportation point of view, thermal conversion such as incineration or pyrolysis is more feasible 

than land use (biofertilizer, soil improver or landfill cover) as long as the thermal conversion 

occurs inside the AD plant. If that is not the case, then the transportation fee can become very 

costly, since the combusted or pyrolyzed digestate would have to be transported from a treatment 

facility outside of the AD plant (Peng and Pivato, 2017).  

All of  the strategies for digestate management discussed above have both advantages and 

disadvantages, with the latter being mainly attributed to the cost associated with drying the 

material. Therefore, it is necessary to study alternative approaches for digestate management and 

utilization options.   

A recent alternative view on this matter, suggests the adoption of the Back to Earth (BEA) 

concept, whose aim is to bring appropriately treated residues back to their non-mobile state. 

Digestates with appropriate treatment are brought back into the environment either as a soil 

amendment or as functional component for a landfill (e.g., cover material) (Dahlin et al., 2016; 

Riding et al., 2015). Nonetheless, circular economy cannot achieve ambitious goals such as 

closing the materials loop without addressing the issue of management of residues from 

production and recycling processes, suggesting that digestate management is not yet sufficiently 

advanced to implement this strategy (Cossu, 2016).  

2.5.1 Digestate pre-treatment and re-circulation on AD 

This strategy allows recovery of methane and other by-products and allows nutrient recycling. 

Although the most common practice is to utilize the liquid fraction of the digestate, the solid 

fraction has also been used as discussed below. 

Balsari et al. (2009) were the first ones to propose a recirculation of digestate in the digester. 

According to them, this option could reduce GHG emissions and reduce the land area required 

for its storage, while improving the energetic and environmental exploitation of the anaerobic 

digester. 

The residual biodegradability of digestate depends on its compositional and structural 

characteristics, which vary according to the type of substrates fed to the digester, and the AD 
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plant/reactor configuration. The residual methane yields were also found to be closely correlated 

to other reactor parameters, such as the Hydraulic Retention Time (HRT) and Organic Loading 

Rate (OLR) (Menardo et al., 2011; Ruile et al., 2015). The overall effects off the digestate re-

circulation are positive varying from enhanced VS removal to methane yield, with a few studies 

pointing to the unfeasibility of this strategy, as discussed ahead. 

It has been shown that, in contrast to the solid fraction of the digestate, the liquid fraction is rich 

in VFAs, ammonia, enzymes and bacteria, hence offering additional positive effect on the 

digestion process. The concentration of each of these components varies across the different 

stages of the process (Siegert and Banks, 2005; Yuan et al., 2015; Tsafrakidou et al., 2018). Its 

volume is superior to the solid fraction, being estimated as high as 50ï100 kg m-3 (Monlau et al., 

2015). 

The use of the liquid fraction of the digestate on the AD process is known as a Green pre-

treatment. This type of treatment is attracting increasing attention because it eliminates the use, 

or generation of, environmentally hazardous chemicals and minimizes energy demand (Elsayed 

et al., 2019). 

Elsayed et al. (2019) tested the effects of two different liquid fractions of digestate; acetogenesis 

digestate (Bio-DAcid) and methanogenesis digestate (BioDMeth), as a pre-treatment for 

lignocellulosic material (rice straw) and their effects on methane production/yield and nutrient 

recycle. The liquid fraction from the methanogenesis phase (BioDMeth) was obtained by 

centrifuging the digestate for 10 minutes at 3000 rpm and the acetogenesis biodigestate (Bio-

DAcid), rich in VFAs, was prepared by partial digestion of rice straw using alkali-pre-treatment.  

The pre-treatment of the rice straw was performed using Bio-DMeth and Bio-DAcid for 24 h and 

48 h during which the straw was left to absorb the solution, intended to act as a digestive agent. 

The treated biomass was then anaerobically digested at 55°C. 

According to the authors, the AD of all pre-treated rice straw occurred in a shorter time than the 

controls due to the high anaerobic biodegradability of destroyed straw fibres. Nevertheless, T80 

of the Bio-DAcid-treated straw was longer than that of Bio-DMeth which resulted in lower 

biomethane yield (208.3 and 226.8L kg-1 VS, respectively, at 24 h). The over-load of VFAs 

(specifically acetate) in the hydrolysate of the Bio-DAcid ultimately causes methanogenic 

inhibition and delay in biomethane production, and hence, augmentation of the technical digestion 

time by two days compared to Bio-DMeth. The authors also reported an increase in the 

biodegradability of pre-treated samples up to 55.7% (Bio-DMeth48h) compared to the control. 

The authors conclude that by recycling the Bio-DMeth fraction of the digestate most of the 

biowaste was converted into biomethane, which results in lower CO2 production in a cost-

effective method. This pre-treatment not only reduces the CO2 emission through enhanced 

methanation but also captures the residual nutrients in the digestate to form biomethane, with an 

additional advantage of saving the freshwater required for the pre-treatment process.  
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Liu et al. (2019) tested the effects of liquid digestate re-circulation and pre-treatment on biogas 

production from anaerobic digestion of wheat straw. This was based as previously discussed, on 

the replacing the need for chemical agents, hence reducing pre-treatment costs. The liquid fraction 

of the digestate was obtained from a small-scale mesophilic (38 ± 0.5 °C) biogas plant fed on 

chicken manure and used in substitute of a chemical agent and chemical pre-treatment step. 

Solubilisation and methane yield effects for wheat straw were analysed for treatment times of 3, 

5 and 7 days, corresponding to Hydraulic retention times (HRT).  

The authors observed that cellulose, hemicellulose, and lignin were reduced by 21.64%ï30.22%, 

8.5%ï25.99%, and 1.22%ï11.74% after pre-treatment 3, 5 and 7 days respectively. Additionally, 

the authors showed the relation between the positive effects of the pre-treatment and the early 

peak on gas production, which had a straight relationship with treatment total time. Therefore 3-, 

5- and 7-days treatment reactors instantly reached to a peak gas production of 197 mL, 208 mL, 

and 212 mL, respectively, on the first day, and then reached the second peak of gas production of 

163 mL, 181 mL, and 173 mL, respectively, on the 13th day. Process improvement was attributed 

to the breakdown of lignocellulose and cellulose into a small, soluble form, serving as a substrate 

for methane production. 

As well as enhanced biomethane production, the authors reported an ameliorated VS removal. 

The VS destruction rates of wheat straw pre-treated with liquid digestate for 3 days, 5 days, and 

7 days were 43.89%, 48.15%, and 49.72%, respectively. They were found to be 9.92%ï17.47% 

higher than that of the untreated wheat straw (32.25%). Thus, it was concluded that liquid 

digestate pre-treatment improved the degradability of the raw materials and further enhanced 

methane production from them. 

Similarly, Hu et al. (2015) investigated the effectiveness of re-circulating the liquid fraction of 

corn stover digestate (LFD) on the degree of biogasification of corn stover. The rationale behind 

their work is that LFD from an anaerobic digester with corn stover as substrate carries abundant 

specific lignocellulose-degradation microbes, and hence could act in substitution of a chemical 

agent needed for solubilizing the substrate. For this reason, the substrate treated with the liquid 

fraction of digestate could benefit from the decomposition of lignocellulosic components, thus 

enhancing biogas production. The LFD in this case was obtained through a 20-mesh sieve and is 

referred to as a filtrate. Its effects in the biogasification process were evaluated in four pre-

treatment times of 1 (LFD1), 3 (LFD3), 5 (LFD5), 7 (LFD7), days of the corn stover imbibed in 

liquid digestate solution. 

The authors reported that the total biogas productions (TBP) reached 33.91 ± 0.65, 35.26 ± 0.74, 

33.01 ± 0.72, 32.55 ± 0.63, and 20.69 ± 0.95 LN (LN = litres at STP) for LFD1, LFD3, LFD5, 

LFD7, and untreated stovers, respectively. The TBPs of the LFD-treated corn stovers increased 

by 57.3ï70.4% in relation to the untreated/control. Nevertheless, an inverse relationship was 

observed for the TBP. As the pre-treatment time increased from 3 to 7 days, the TPB decreased 

significantly. The authors attributed this to the partial consumption of the soluble organic 
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substances during pre-treatment which has a detrimental effect on the consumption of soluble 

substances. This leads to a reduction of the substrate available for anaerobic bacteria (Yuan et al., 

2012), The pre-treating time should therefore be controlled to minimize the depletion of soluble 

organic materials, thus making them available for biomethane production. Another benefit from 

treating the substrate with the LFD was an increase in the VS destruction with values from 60.2ï

67.0%, representing 22.1ï35.9% increment compared to the controls.  

Both benefits of the pre-treatment discussed above could be a consequence of cellulose and 

lignocellulosic material degradation. In conclusion, the authors determined that, in order to 

guarantee the complete chemical and biological reaction while minimizing consumption of 

soluble substances during pre-treatment, 3-days should be applied as the optimal LFD pre-

treatment time. 

Lindner et al. (2015) tested the effects of mechanical treatment of digestate on the degree of 

degradation and methane yield. The digestate originated from two different sources: a full-scale 

biogas plant belonging to the University Hohenheim and the acidification reactor of a two-stage 

laboratory biogas plant, fed daily with a mixture of 43.9% liquid manure, 9% solid manure, 19% 

maize silage, 21.4% grass silage and 6.8% grain. The pre-treatment consisted of gridding the by-

product of AD with a ball mill for four different treatment time periods: 0, 2, 5, and 10 min. The 

experiment showed no losses of volatile fatty acids through warming by mechanical treatment 

which is a common finding in this type of treatment. In fact, the authors reported an increase in 

the TVFAs concentration (between 9 and 15%) for most of the treated samples (the exception 

were the two- and five-minute treatments of the biogas Universityôs Plant digestate).  

Mechanical pre-treatment of the digestate also resulted in an increase in methane yield for all 

treated samples. The greatest increase was from the digestate from the full -scale plant with 10 

minutes of treatment giving triple of the methane yield of the untreated digestate. An improvement 

of the daily methane production and reduction of the lag phase was also observed for all the 

mechanically treated digestate samples. 

Sambusiti et al. (2015) conducted a more detailed study on the use of digestate for the production 

of methane. The authors investigated the residual methane potential of digestate (DIG) and solid 

separated digestate (SS-DIG) and the feasibility of applying different kinds of pre-treatments (i.e. 

thermal, thermo-chemical and enzymatic) in order to enhance methane production. DIG and SS-

DIG samples were collected from a mesophilic full-scale AD plant fed on a mixture of maize 

silage (25%), sorghum silage (11%), olive waste (11%), cow manure (8%), pig manure (18%), 

turkey manure and coconut chips (26%). Thermal treatment was performed at 80 °C for 1 h under 

stationary conditions. Alkaline post-treatment was conducted by soaking samples in a NaOH 

solution at a dosage of 1g NaOH/100g TS at 40°C for 24h without stirring. Lastly, enzymatic 

post-treatment was conducted by using a commercial enzymatic cocktail, especially developed to 

enhance biogas production of agricultural substrates. The effects of the treatments varied greatly. 

There was a detrimental effect, after thermal and alkaline treatments, on methane yields (a 

reduction of 10ï20%) compared to those of untreated samples. Conversely, enzymatic treatment 

resulted in an increase in methane yield of 13% and 51% for SS-DIG and DIG samples, 
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respectively. These findings are in agreement with other work reported in the literature, e.g. 

Kaparaju et al. (2010) in which a decrease of methane potentials of SS-DIG is observed after 

thermal treatment performed at 80 °C for 3 h. The decrease is attributed to changes in the chemical 

composition of the solubilized compounds (SCOD, nitrogen). Nevertheless, Sambusiti et. al. 

(2015) concludes that methane recovery from digestate and solid separated digestate is feasible 

through enzymatic pre-treatment considering their residual methane yields (70 NmL CH4/g VS 

and 90 NmL CH4/g VS, respectively). 

Digestate was also used for the production of bio-oil by microwave assisted liquefaction. Direct 

liquefaction of biomass has attracted wide research interest since biomass can be successfully 

converted into multifunctional bio-oil at lower temperatures and in presence of solvents such as 

phenol, monohydric alcohols and polyhydric alcohols, and acid or basic catalysts (Soares et al., 

2014; Lu et al., 2015). Microwave (MW) assisted liquefaction has been proven to be an interesting 

alternative to conventional heating because it results in faster and more uniform internal heating 

which accelerates the kinetic reaction rates and increases energy efficiency (Li  et al., 2016). 

Thermal treatment was investigated by Barbanera et al. (2018) who tested the effects on the 

production of bio-oil from the solid fraction of digestate resulting from a full-scale mesophilic 

biogas plant fed on a mixture of pig slurry (15m3/d), olive pomace (19 t/d), maize silage (19.6t/d), 

sorghum silage (36.4t/d) and onion scraps (1t/d). Glycerol (at a fixed ratio of 4:1) and 3.5% 

sulfuric acid were used as solvent together with a maximum microwave power of 600 W. The 

optimum conditions for the microwave liquefaction of solid digestate were 180 °C, a solvent-to-

biomass ratio of 4.2 for a total time of 27.5 min. These conditions gave a liquefaction yield of 

59.38%, a High Heating Value of 28.48 MJ/kg and a microwave energy consumption of 

115.93Wh. 

Peng et al. (2016) studied the effects of recycling digestate or effluent liquor on the wheat straw-

based CSTRsô (Continuous stirred-tank reactor) performance. Different scenarios were 

compared. These were: a) no recycling of the digestate used as a control (NR), b) recycling of 

supernatant after centrifugation (RSN- retention of soluble nutrients), c) recycling of the liquid 

fraction after filtration (through a 0.5 mm mesh) (RNM-retention of nutrients and 

microorganisms), d) impact of macro-nutrients nitrogen (NH4HCO3) and phosphorous 

(NH4)2HPO4 on the co-digestion of wheat straw with sewage (RSNS), e) recirculation of solution 

nutrients (RSNS) and macronutrient supplemented-wheat straw and, f) recirculation of 

nutrients/microbes (RNMS) and macronutrient supplemented-wheat straw. 

The authors demonstrated that methane production from the recycled liquor (centrifuged and 

filtered liquid fractions of the digestate) is small compared to the methane potential of the 

feedstock (wheat straw). Nonetheless, when the feedstock was digested together with the recycled 

liquor the methane yields achieved were on average 240 ml CH4/g VS representing a 21% 

improvement over the processes without recycling. The energy gain presented in terms of 

methane yield ranged from 207 to 248 ml/g VS added. 

Despite the improvement in methane production the authors noticed that, over time, the processes 

suffered from declining methane yields and poor stability. The system was then supplemented 
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with macronutrients and, as a result, the digestion processes with digestate liquor recycling was 

stabilized achieving methane yields ranging from 288 to 296ml CH4/g VS and low VFAs 

accumulation and prevalence of methanogenic pH. Amongst the digestate re-circulation with 

nutrient supplementation scenarios, the highest yield (296 ± 16 ml CH4/g VS) was achieved by 

co-digestion with sewage sludge plus recycling of digestate liquor after filtration (retention of 

nutrients and microorganisms), followed by macronutrient supplemented-wheat straw plus 

recirculation of nutrients/microbes (RNMS).  

The authors reported that, from all tested scenarios, the highest methane yields were obtained 

from the co-digestion of wheat straw and sewage sludge which was attributed to the additional 

micronutrients present in the latter capable of balancing any lack in the nutrient content, 

enhancing buffering capacity of the system and diluting inhibitors (Pöschl et al., 2010; 

Molinuevo-Salces et al., 2013). Compared to macronutrient addition (RSNI and RNMI), co-

digestion (RSNS and RNMS) showed a 17% and 28% improvement in methane yield.  

The authors concluded that re-circulation of digestate liquor can lead to stable operation and 

relatively high methane yield at a short SRT compared to the process without re-circulation. 

Under these conditions, however, there was a decline in all the main process parameters (methane 

yield, methane production rate, etc) and the effects were, therefore, not sustainable. Hence, the 

authors suggested this strategy may be limited to improving AD process performance, and would 

not recommend as the optimum operational condition. In turn, this could be delivered from the 

co-digestion of wheat straw and sewage sludge, without digestate re-circulation. 

Table 2.9 summarizes the pre-treatment methods applied to digestate in order to increase methane 

production. Different pre-treatments methods including chemical (alkaline, ammonia), 

mechanical (maceration, ball milling), thermal (80°C, 120°C), biological (enzymes) and 

thermochemical (wet explosion) have been used, with this last one resulting in the highest 

methane yield. 

Most of the pre-treatment method for digestate involved the separation of the whole fraction into 

liquid and fibre. As previously stated, this strategy allows the digestate to be more valuable, since 

different destinations can be applied to each fraction, including nutrient recovery, composting, 

and land spreading. 

The methane yield obtained from the digestate is not as high as the one from FW, and this is 

possibly related to the fact that FW is richer in carbon content, as opposed to the digestate which 

is known for having high nitrogen content. Therefore, the methane yield of digestate varied from   

21- 224 NmL CH4/g VS. 

The lowest methane yield value (21 NmL CH4/g VS) was obtained by Lindner et al. (2015) when 

digestate (from a mixture of Cattle slurry (35%) Cattle manure (24%), Triticale and sorghum 

silage (35%), Separated solid fraction (6%), liquid manure (43.9%), solid manure (9%)) was 

separated by a decanter centrifuge and pre-treated with a ball milling during 10min.  
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The highest methane yield on the other hand was achieved when the digestate from a mixture of 

manure (90%), agriculture residues (5%) and industrial waste (5%). The substrate was separated 

by means of a decanter centrifuge and then pre-treated in two different ways: a) with wet 

explosion at 180°C for 10min and b) under similar conditions, but with the addition of 6 bar 

pressure. Biswas et al. (2012) reported that the latter pre-treatment condition heralded the highest 

methane yield at 224, as opposed to 209 NmL CH4/g VS.  

Jurado et al. (2013) applied the whole form of digestate (without phase separation) from swine 

manure to soak in aqueous ammonia at 22 °C for 3 days. The AD at mesophilic conditions 

heralded maximum methane yield of 200 NmL CH4/g VS.  

Sambusiti et al. (2015) used the whole fraction of digestate (from a mixture of maize silage (25% 

VS), sorghum silage (11% VS), olive waste (11% VS), cow manure (8% VS), pig manure (18% 

VS) and turkey poultry manure on coconut chips (26% VS) to undergo several pre-treatment 

methods. The first one corresponded to a thermal pre-treatment, where the digestate was heated 

at 80 °C for 1hour. In the second pre-treatment, different enzymes (cellulases and xylanase) were 

used to break down the organic matter. A final temperature of 40 °C and a pH of 5 was used in 

combination to the enzymes for a period of 24 h. Lastly, a NaOH (1% w/w) solution at 40 °C, for 

24 h was tested. According to the authors, the most efficient method to enhance methane 

production and yield is the second pre-treatment, where enzymes broke down the organic matter. 

In this case, the methane yield was 90.74% and 152% higher than the thermal pre-treatment and 

the pre-treatment with NaOH solution, respectively. 

Most of these pre-treatment methods are not widely adopted due to the requirement for large 

amounts of energy and special instruments, as well as a large number of unwanted by-products. 

A chemical-free and environment friendly pre-treatment method is desired, e.g. MW (Liu et al., 

2019). 

Microwave irradiation of digestate has not yet been tested, despite several studies showing that it 

improves solubilisation, VS removal and biogas production from sewage sludge. Similar to 

sewage sludge, digestate is as an end product of a biological treatment, having similar properties 

to the former such as the incomplete mineralization stage (20-60%) at the end of the AD process 

(Park and Ahn, 2011), organic matter thus still being available (TCOD and VS). Thermal pre-

treatment may enhance the remaining organic matter solubilization further improving AD.  

When analysing alternative pre-treatment methods for digestate, it is important to consider the 

whole fraction rather than the liquid or solid components alone. The disadvantages of utilizing 

only the liquid or solid fraction are associated with the disposal cost, and the environmental 

implications, of the fraction that is not being utilized. It is therefore necessary to develop a feasible 

way to utilize the whole fraction when recovering energy and nutrients from this by-product. 
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Table 2.9 Comparison of BMP data related to untreated and post-treated digestates. 

AD plant feed Digestate sample Post-treatment conditions BMP test conditions 
Methane yield 

(NmL CH4/g VS) 
Ref. 

Cattle slurry (35%) 

Cattle manure (24%) 

Triticale and sorghum silage (35%) 

Separated solid fraction (6%) 

SS-DIG (screw press separator) 
ï 

120 °C, 30 min 
40 °C, 56 days 

157 ± 7 

176 ± 5 
Menardo et al. (2011) 

Cattle slurry (33%) 

Cattle manure (23%) 

Chaff rice (7%) 

Maize silage (33%) 

Separated solid fraction (4%) 

SS-DIG (compression roller separation) 
ï 

120 °C, 30 min 
 

117 ± 11 

98 ± 5 
 

Swine slurry (76%) 

Grass silage (8%) 

Maize silage (16%) 

   
71 ± 5 

154 ± 21 
 

Cow manure (100%) SS-DIG (sieve separation) 

ï 

80 °C, 3 h  

NaOH (4% w/w), 20 °C, 48 h 

Freezing (ī20 ÁC; 24 h) 

Mechanical maceration< 1 mm 

35 °C, 30 days 

61 ± 5 

48 ± 2 

61 ± 1 

47 ± 1 

51±2 

Kaparaju and Rintala (2005) 

Maize silage (25% VS) 

Sorghum silage (11% VS) 

Olive waste (11% VS) 

Cow manure (8% VS) 

Pig manure (18% VS) 

Turkey poultry manure on 

Coconut chips (26% VS) 

SS-DIG (helical screw press) 

ï 

80 °C, 1 h 

Enzymes (cellulases and xylanase), 

40 °C, 24 h, pH 5 

NaOH (1% w/w), 40 °C, 24 h 

35 °C, 65 days 

90 ± 1 

79 ± 7 

102 ± 6 

81 ± 3 

Sambusiti et al. (2015) 

Manure (90%) 

Agricultural residues (5%) 

Industrial Wastes (5%) 

SS-DIG (decanter centrifuge) 

ï 

Wet explosion (180 °C, 10 min) 

Wet explosion (180 °C, 10 min, 6 bar O2) 

38 °C, 50 days 

80 

209 

224 

Biswas et al. (2012) 

Liquid manure (43.9%) 

Solid manure (9%) 

Maize silage (19%) 

Grass silage (21.4%) 

Grain (6.8%) 

SS-DIG (decanter centrifuge) 
ï 

Ball milling, 10 min, eight ball of 30 mm diameter 
37 °C, 35 days 

21 ± 2 

58 ± 5 
Lindner et al. (2015) 

Grass silage (30% VS) 

Cow manure (70% VS) 

Of a CSTR laboratory scale reactor 

DIG 

ï 

NaOH (2% w/w) of 40% NaOH solution, 35 °C, 65 h 

NaOH (3% w/w) of 40% NaOH solution, 35 °C, 65 h 

NaOH (4% w/w) of 40% NaOH solution, 35 °C, 65 h 

NaOH (6% w/w) of 40% NaOH solution, 35 °C, 65 h 

35 °C, 118 days 

100 ± 6 

93 ± 7 

99 ± 4 

96 ± 4 

99 ± 10 

 

Jagadabhi et al. (2008) 

Solid fraction from swine manure DIG 
ï 

Aqueous ammonia soaking 22 °C, 3 days, 32% (w/w) ammonia 
37 °C, 35ï50 days 

111 ± 11 

200 ± 7 
Jurado et al. (2013) 

Maize silage (25% VS) 

Sorghum silage (11% VS) 

Olive waste (11% VS) 

Cow manure (8% VS) 

Pig manure (18% VS) 

Turkey poultry manure on 

Coconut chips (26% VS) 

DIG 

ï 

80 °C, 1 h 

Enzymes (cellulases and xylanase), 40 °C, 24 h, 

pH 5 

NaOH (1% w/w), 40 °C, 24 h 

35 °C, 65 days 

70 ± 2 

57 ± 2 

106 ± 4 

 

42 ± 12 

Sambusiti et al. (2015) 

Source Sambusiti et al., (2015) 
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2.6 Identified research gaps from published literature - summary 

The literature review has identified the following research gaps: 

1) 1.3 billion tonnes annually, or one third of the food produced in the world for human 

consumption, is lost or wasted throughout the supply chain from production to 

consumption (FAO, 2011). In the UK the annual FW arising from households, hospitality 

and food services (HaFS), food manufacture, retail and wholesale sectors in 2018 was 

around 9.5 million tonnes, with over 85% (by weight) of this waste generated in 

households (WRAP, 2020). The use of FW in Anaerobic Digesters to produce methane 

is not a new and previous studies have shown that in most cases such digestion produces 

satisfactory results. Nevertheless, it has also been found that when treating FW samples 

high in lignocellulosic content, low methane yields (50-60% of the theoretical maximum 

value) are obtained (Marin et al., 2010). This limitation can be circumvented by adopting 

different feedstock pre-treatments including microwave (MW) irradiation, which breaks 

weak hydrogen bonds and has the potential to make complex organic molecules unfold 

and become smaller, thus promoting solubilisation and making them more readily 

biodegradable. Although this pre-treatment has been previously tested in FW (Marin et 

al., 2010, Shahriari et al., 2012, Zhang et al., 2014) studies are still scarce and more 

information is needed to optimize the process. In the work presented here different 

operational conditions (final temperatures and ramp rates) are tested on both soluble and 

whole-fraction FWs and the main factors affecting methane production are determined. 

As a result,  further information on microwave operational conditions will be reported 

and an alternative route for FW to landfill (globally responsible for 3.3 × 109 tonnes-

CO2-eq. year-1 of greenhouse gas emissions (GHG)) (Salemdeeb et al., 2017; Fisgativa 

et al., 2017) will be recommended. 

2) With the increasing adoption of AD around the globe as an alternative method to generate 

both energy and by-products from different types of waste, there has been a significant 

increase in the amount of digestate produced (Curry and Pillay, 2012). The digestate 

originating from AD of FW arising from post-consumer stages (catering and households 

- the latter being responsible for 8.0 tons of FW generated in the UK for the year of 2018) 

has principally been used as a soil amendment (WRAP, 2018). This traditional route is 

now faced with some restrictions due to: a) the spreading window being limited to certain 

times of the year (i.e. not allowed in winter) and/or the land already being nutrient 

sufficient, b) agriculture demand for nutrient supply fluctuating during peak crop (e.g. 

beginning of spring), c) land application of digestate in some areas not being an option 

due to the risk over saturating fields with phosphorus and nitrates. Furthermore the rising 

costs associated with its transportation and spreading has created the need for alternative 

utilizations or destinations of digestate (Wellinger et al., 2013, Neumann et al., 2016). 

The recycling of digestate from AD of lignocellulosic material (rice straw and corn 
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stover) into AD has had positive results (especially regarding recovery of energy in the 

form of methane) and for this reason is considered to be a promising alternative route (Hu 

et al. 2015, Elsayed et al., 2019, Liu et al., 2019). The effects of re-circulation of digestate 

(of different volumes) from FW from the post-consumer phase on AD will be discussed. 

The use of this material in the AD reactors, precludes the need for water added to fresh 

FW, hence offering a sustainable option for scalingïup the process. 

3) Several pre-treatment methods to enhance methane recovery from digestate have been 

tested, including mechanical, thermal and chemical treatments (Kaparaju and Rintala, 

2005, Balsari et al., 2010, Menardo et al., 2011, Biswas et al., 2012, Lindner et al., 2015). 

However, to the best of our knowledge, microwave irradiation as a pre-treatment for 

digestate prior to AD has never been tested. The rationale for this strategy is the success 

of microwave digested sludge and the recovery of methane coupled with the fact that 

digestate has similar properties to sludge such as the incomplete mineralization stage (20-

60%) at the end of the AD process. This offers the potential for bioenergy recovery (Park 

and Ahn, 2011). The whole fraction of the digestate is pre-treated and then re-circulated 

in the AD. The effects are investigated of the resulting potentially energetically favorable, 

closed system. Such a strategy also avoids costs and environmental impacts that the 

utilization of only one of the fractions, liquid or solid, would incur. 

4) The challenge is how to treat and use such large amount of the whole fraction of digestate 

in an affordable and environmentally friendly way. In this sense, by adopting this novel 

strategy there would be several advantages, such as: a) reduction of the final volume of 

digestate, b) energy recovery from two current substrates of environmental concern: FW 

and digestate, ultimately offering an alternative management option for them. The 

combination of microwave pre-treatment on digestate and its re-circulation on the AD for 

the production of energy comprises the novelty of this research.  
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CHAPTER 3  

3. EXPERIMENTAL METHODOLOGY  AND ANALYTICAL 

METHODS 

This chapter provides a detailed description of the materials and methods used in the various 

stages executed as part of this research. The methods are arranged in four parts corresponding to 

the four research objectives. 

¶ Characterization of Food Waste, evaluation and comparison of biomethane potential 

under different I/S ratios. 

¶ Thermal treatment (microwave irradiation) of food waste: influence of final temperature 

and heating rate on the biomethanation of FW under MAD conditions. 

¶ Microwave thermal treatment of digestate: influence of final temperature and substrate 

concentration on biomethanation of FW under MAD conditions. 

¶ Integrated study of mass and energy balance of the mesophilic anaerobic digestion of 

pre-treated substrates (food waste and digestate).  

3.1 Materials 

3.1.1 Seed inoculum 

The inoculum used in this study was obtained from a mesophilic anaerobic digester (MAD), 

treating sewage sludge at Yorkshire Waterôs Esholt Waste Water Treatment Works (WWTW) in 

Bradford (West Yorkshire, UK). This is the second largest WWTW in Yorkshire serving 

approximately 760,000 people in the Leeds and Bradford region (Aragon Briceño, 2018).  This 

inoculum was consistently used to seed anaerobic batch reactors to test the Biological Methane 

Potential (BMP) of the tested substrates. 

Before each BMP test, this inoculum was passed through a 1 mm sieve to remove any large 

particles or grit. The only exception was when the acclimatised inoculum (seed) from a particular 

BMP test (e.g., BMP of microwaved FW at a fast-heating rate) was ñrecycledò into a subsequent 

test (e.g., BMP of FW at a medium heating rate), as sieving was not required. After sieving, the 

seed was incubated at 37°C. 

Acclimation of the inoculum with raw/untreated FW occurred prior to BMP tests, at a 

concentration of 0.34 g-VS/L·day. However, on one occasion (BMP of FW microwaved at a slow 

heating rate) the inoculum was collected soon before a BMP test set-up and no acclimatization 

with the substrate was conducted.  

Since the total set of BMP tests were carried out over a long period of time, the seed was 

characterized regarding its main physical-chemical properties (according to section 3.2.1) two 

days before each BMP set-up.  
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3.1.2 Food waste  

Food waste was collected from the University of Leeds Refectory (Figure 3.1a, b) Leeds, United 

Kingdom. The refectory serves approximately 3,000 customers per day, with an estimated FW 

generation of 36 kg/day (Personal Communication, June 2017). 

The collection of FW occurred over five consecutive days and samples consisted of a mixture of 

both plate waste (from the eating area) (Figure 3.2a) and kitchen waste (Figure 3.2b), thus 

designated Composite Food Waste (CFW). FW sample collected from the universityôs refectory 

is assumed to reflect the dietary habits of the typical UK household. 

Figure 3.1 Leeds University Refectory at Lunch time (a) and at breakfast time (b).  

 

Figure 3.2 Food waste collection: (a) from customerôs plates and (b) from the kitchen area.  

The samples were collected on the same day they were discarded, as recommended by Zhang et 

al. (2007), thus avoiding putrescible waste and underestimating the Total Solids (TS) and/or 

Volatile Solids (VS). The collected waste was manually sorted for any unwanted impurities such 

as glass, paper, cardboard, plastic and bones, thereby segregating inorganics from organics. The 

inorganics were discarded (Figure 3.3a, Figure 3.3b). 
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Figure 3.3 (a) sorting of the collected food waste, (b) sorted food waste in organic and inorganic fraction. 

Sorted FW substrate was thoroughly mixed (Figure 3.4a), chopped and ground with a mincer. To 

allow further substrate size reduction and better homogenisation, the sample was blended with a 

food processer (Figure 3.4b). During this process, no water was added, so that the moisture 

content would not be affected (Figure 3.4c). 

Figure 3.4 (a) mixing step of the food waste, (b) homogenisation of the food waste, (c) original food waste 

aspect and after processing step.  

In order to generate representative samples, the blended waste was mixed and divided into four 

samples. Subsequently, smaller samples of 500 g were weighed into refrigerator bags, labelled 

and stored at -20°C until required for the experiments. However, one bag from each sample was 

stored at 4°C (fridge) in order to carry out a complete characterisation of raw FW. Frozen samples 

used for the experiments were defrosted at room temperature prior to BMP experiments. This was 

to ensure that no heat was added in excess of that needed for defrosting, thus avoiding 

physicochemical changes.  
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3.1.3 Digestate 

In order to ensure satisfactory volume of digestate for the experiments as well as prompt 

availability of this material, this product was not acquired from a WWTP. Instead, the digestate 

used in this study was generated along the experimental phase of this research, more specifically 

during the mesophilic anaerobic digestion of microwaved FW after a period of 28 days, at the 

Public Health laboratory (School of Civil Engineering, University of Leeds). At the end of each 

run of BMP tests with microwaved FW as a substrate, the digestate samples were collected and 

stored at -20°C. Once this experimental step was finalized, the stored samples were defrosted at 

room temperature and aleatory mixed. The prepared samples were again stored at -20°C until 

further characterization and BMP analysis Figure 3.5. 

Figure 3.5 Mixed digestate for MW pre-treatment.  

3.2 Methods 

3.2.1 Food waste, seed and digestate characterization 

Total Solids (TS), Volatile Solids (VS), Suspended Solids (SS), Volatile Suspended Solids (VSS) 

and total phosphorous for the FW, digestate and inoculum were examined according to the 

standard methods of APHA (2005) and He et al. (2013) (Table 3.1). 

Table 3.1 Methods for feedstock and seed characterization 

 

Elemental analysis (carbon, hydrogen, nitrogen and sulphur) of FW and digestate samples was 

conducted using a FLASH 2000 Elemental Analyser. FW was also tested for protein, lipid and 

carbohydrate content. The former analysis was performed by determining nitrogen content using 

the Kjeldhal method (4500-Norg B), using a Buchi distiller in the distillation step (Figure 3.6), 

and the lipid content by acid solubilisation and extraction as described in AOAC Method 945.16. 

Analysis Method 

TS, VS, SS and VSS 2540B, 2540E 

Phosphorous  4500P 
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(Figure 3.7). Carbohydrate values were obtained by the differential method; subtracting lipid, 

protein, ash and moisture content from the total weight of the samples. 

 

Figure 3.6 Kjeldhal method for nitrogen content.  Figure 3.7 Preparation for Lipid method.  

Volatile Fatty Acids (acetic; propanoic; i-butyric, butyric, valeric and i-valeric acid) were 

obtained by centrifuging the sample for 5 min at 153.7 g, and filtering the supernatant with a 0.2 

µm filter. The filtrate was then analysed for VFAs using a gas chromatograph (Agilent 7890A) 

equipped with a flame ionization detector (FID) and NORDION NB-351 column, with a 25 m 

length, 0.32mm internal diameter and 0.5 µm film thickness. Operating conditions were: injector 

temperature 150ęC; FID temperature 240ęC; oven temperature program: 95-140ęC (10ęC/min), 

140-200ęC (40ęC/min) with helium as a carrier gas. The SUPELCO Volatile Acid Standard Mix 

was used for calibration (Figure 3.8). 

Figure 3.8 Gas chromatograph (Agilent 7890A) at the IPHEE laboratory, Civil Engineering Leeds 

University.  

The pH of all samples was measured using a pH meter (HACH, HQ40dmulti) and alkalinity 

assessment was done by titration with 50 mM of H2SO4 solution, until the pH reached 4.5, using 

a Mettler Toledo TSO. 
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The concentration of the various trace elements and metals on the FW and inoculum was 

established by microwave-assisted acid digestion (nitric acid and hydrogen peroxide), using 

MARSXpress apparatus. Ammonia, Total bound Nitrogen (TNb), and Total and Soluble 

Chemical Oxygen demand were determined by HACH 39000 AP Robotic Water System with the 

LCK 302, APC 338, LCK 514 kits respectively (Figure 3.9). 

Figure 3.9 HACH 39000 AP Robotic Water System at Civil Engineering Labs, Leeds University.  

3.3 Biochemical methane potential tests (BMP tests) 

Biochemical methane potential tests (BMPs) are employed to determine the extent of anaerobic 

biodegradability of a substrate and thus the relative residence time for complete digestion (Labatut 

et al., 2011). In this study BMP tests were made on FW and digestate following thermal treatment 

(microwave irradiation) and for untreated/raw samples (FW and digestate). These were conducted 

in batches using 500 ml Duran bottles, with 400 ml working volume, under mesophilic condition 

(37°C).  

The desired temperature was maintained by means of a water bath as part of the Bioprocess 

Control automatic methane potential test system (AMPTS II), located at the Public Health Lab in 

the School of Civil Engineering, University of Leeds. 

In addition to the water bath for temperature control (Figure 3.10a), the AMPTS II instrument 

consists of two other main units: a bottle holder with 15 small bottles (80 ml) containing a CO2 

removal solution made from NaOH, ensuring only biomethane was measured (Figure 3.10b), and 

a flow cell unit responsible for measuring the volume of biomethane produced by each reactor by 

the displacement of each cell (Figure 3.10c). The volume of biomethane generated during the test 

is recorded by the equipment software.  

The solution in each reactor (Duran bottle) is mixed by a rotating mixing rod (at a rate of one 

rotation per minute) with an individual electric motor. The mixing step during the BMP test 
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ensures the microbial community is in constant contact with the substrate, hence increasing the 

probability of substrate degradation (Browne and Murphy, 2013). 

Figure 3.10 AMPTS II equipment used to monitor methane generation during this research. (a) water bath 

and Duran bottles ï reactors, (b) NaOH solution for CO2 scrubber solution, and (c) cell 

displacement unit. Picture: Browne and Murphy (2013). 

3.3.1 BMP test monitoring protocol: sample collection and processing  

For each condition tested, triplicates were assembled, as well as control (substrate without 

thermal/microwave treatment) and blank (inoculum only) samples. Throughout the BMP 

experimental work, samples were collected from each reactor, including blanks and controls, on 

day 0, 2, 4 and 7. After this, sampling was carried out once a week, until day 28 (last day of 

digestion).  

Samples from each reactor were analysed including the following: pH, alkalinity, soluble and 

total chemical oxygen demand, ammonium, total bound nitrogen, total volatile fatty acids, as well 

as total and volatile solids (Table 3.2). Due to the small working volume of the reactor, the total 

sacrificed sample volume for the duration of the BMP test was restricted. For this reason, the 

analysis for day 2 of the test was limited to verification of parameters related to the 

stability/acidity of the system, i.e. pH, Alkalinity and TVFAs. All analytical monitoring during 

the BMP process was conducted in triplicate. 

Daily methane production by volume from each reactor was automatically measured and reported 

at normal conditions (Standard Temperature and Pressure (STP) conditions of 0°C and 1 ATM) 

by the AMPTS II software system. Cumulative methane volumes were corrected by deducting 

the methane volume originating from blanks reactors containing inoculum/seed but not substrate. 

Methane yields were normalised against the total amount of substrate added as VS (Equation 1). 
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    (1) 

Where BMP = Biochemical Methane Potential (ml CH4/g VS added), VCH4 = Volume of methane 

produced in the reactor (ml), VCH4blank = Volume of methane produced by the blank reactor, 

Mass of substrate = Mass of substrate in terms of g VS added in each reactor. 

Table 3.2 Gantt chart for monitoring samples from BMP tests. 

PARAMETERS EXPERIMENTAL SET UP - DAYS 

 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

VFAS                              

pH                              

TCOD                              

SCOD                              

VS                              

TS                              

TNb                              

AMMONIUM                               

ALKA LINITY                               

The total digestion period was 28 days, or the period by which the daily methane production had 

fallen to less than 1% of the total cumulative methane (produced by the reactor since the beginning 

of the experiment) (Nielfa et al., 2015).  

3.4 Data processing and statistical analysis 

3.4.1 Solubilisation 

The degree of solubilisation of the composite FW and digestate before and after thermal treatment 

was determined as proposed by López Torres and Espinosa Lloréns (2008). In this case, the 

soluble organic matter (SCOD) originally present in the samples, as well as the amount produced 

after the microwave treatment, was taken into account and expressed as a function of the total 

chemical oxygen demand (TCOD) as defined in Equation (2): 

 

% Solubilization =    ·100    (2) 

where SCOD, soluble chemical oxygen demand (f-final and i-initial, mg/L) and TCODi, total 

chemical oxygen demand (i-initial, mg/L). 

3.4.2 Theoretical methane potential (TMP) 

The theoretical methane potential was estimated according to Buswell and Mueller (1952) and Li  

et al. (2013) as presented in equations (3) and (4). The Theoretical Methane Potential (TMP) 

calculated in this study was based on the Elemental Composition (C, H, O, N, S) of the feedstock.  

According to Nielfa et al. (2015), the atomic composition of the waste material together with its 

ammonia and protein contents offer a fast method for determining the methane production of a 

given substrate. However, this equation does not differentiate between biodegradable and non-

biodegradable matter, and part of the biodegradable organic matter is used by the bacteria to grow, 

so it does not contribute to the theoretical methane potential value. In practical terms, therefore, 



66 

the theoretical methane potential method (TMP) will over estimate methane production in most 

cases. 
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   (4) 

where n, a, b, and c, represent the molar fraction of the Carbon, Hydrogen, Oxygen and Nitrogen 

respectively. 

3.4.3 Anaerobic biodegradability 

Sample biodegradability was determined using Equation (5): 

ϷÂÉÏÄÅÇÒÁÄÁÂÉÌÉÔÙρππ     (5) 

where VCH4, is the net volume of methane gas produced in the reactor; Vtheoretical, is the volume 

of methane expected, assuming a complete degradation with 0.35L of methane (STP) per 

gram/COD degraded (Penaud et al., 1999; Speece, 2008). 

3.4.4 Statistical analysis  

A kinetic analysis of the methane production was also conducted. The modified Gompertz 

(MGompertz) growth model, Equation (6), was used to fit the methane production curves, 

following Zwietering et al. (1990), in order to estimate the lag phase and maximum specific 

methane yield for each assay, using the Origin-Pro® 2016 graphical and statistics software. 

Ù ὃÅØÐÅØÐ  ʇ ὸ ρ     (6) 

Where: y = Cumulative methane yield (mLCH4/gVSadded) time dependent;  

A = Maximum methane yield (mLCH4/gVSadded) at time t;  

µm = specific methane yield per day (mLCH4/(g-1 VSadded Å Day-1));  

ɚ = Lag phase (Days);  

e = exp(1). 

Origin-Pro® statistical package 18 was also used to do an ANOVA one-way statistical analysis 

to evaluate the significance of the different operational conditions on the solubilisation of organic 

matter and methane yields. 
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3.5 Objective 1: Characterization of food waste, evaluation and comparison of 

biomethane potential under different I/S ratios 

A flow chart of the experiment design for Objective 1 is show in Figure 3.11.  

Figure 3.11 Experiment flow chart for Objective 1. 

FW was collected and characterized as described in sections 3.1.2 and 3.2. A total of three particle 

sizes were accessed. The first PS corresponded to the undersize of the processed sample from 1 

mm sieve, the second PS was the undersize of the processed sample from a 2 mm sieve and the 

last was the homogenised sample after processing with PS Ò5 mm; having 95% solids recovery 

from a 5 mm sieve. The desired PS were obtained by sieving the homogenised food waste sample 

through the respective sieve sizes with manual application of pressure using a flat metal bar. The 

choice for these PS was made based on the following literature findings: PS below 1 mm could 

encourage high VFA concentration, due to enhanced acidogenesis, while at higher PS, (above 5 

mm) the biogas yields could be lowered due to poor feedstock degradation (Izumi et al., 2010). 

Subsequently, a first trial on the MAD of FW determined the best particle size for methane 

generation on BMP tests.  

The best Inoculum to Substrate ratio (I/S ratio) for the mesophilic anaerobic digestion of FW was 

determined by mixing substrate and seed in different proportions based on a Volatile Solids (VS) 

content (Table 3.3). The I/S ratios tested were selected based on previous works reported in 

published literature, which suggest that a low I/S ratio value (<1) is insufficient for rapidly-

degradable substrates in a batch test (Xu et al., 2003; Neves et al., 2004; Wu et al., 2011). A low 

I/S ratio ( >0.5) increases instability in the anaerobic process, causing high COD content in the 

effluent and accumulation of volatile fatty acids (VFAs) (Raposo et al., 2009). Higher I/S ratios 
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(> 4), instead, yields poor biogas production, and decreases the effective space in the reactor.  The 

I/S ratios tested were therefore 1, 2 and 3 (Figure 3.11).  

The inoculum and substrate were placed and mixed in Duran bottles and distilled water was added 

to complete a total volume of 500ml in all reactors. 100ml of the mix was then removed for 

analysis (day 0), so each reactor had an initial working volume of 400ml. The bottles were flushed 

with 100ml of pure N2 gas using a syringe to ensure anaerobic conditions and then each reactor 

was capped tightly with a rubber stopper.  

Table 3.3 Total Volatile Solids concentration for each I/S ratio tested. 

I/S ratio PS (mm) 

Inoculum 

concentration 

(gVS/L) 

Substrate 

Concentration 

(gVS/L) 

 

Volatile Solids 

Concentration  

(gVS/ml reactor)*  

3:1 1 15 5  0.05 

2:1 1 10 5  0.03 

1:1 1 5 5  0.02 

*based on a 400ml working volume in each reactor. 

The calculation of the required amount of both seed and substrate was determined using Equations 

(7) and (8), respectively. 
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Samples were monitored as described in section 3.3.1. The results regarding the optimum 

conditions (PS and I/S in terms of methane production) from this set of BMP tests were used as a 

reference for the further research objectives.  

3.6 Objective 2: Thermal treatment (microwave irradiation) of food waste: influence 

of final temperature and heating rate on the biomethanation under MAD 

conditions 

After the establishment of the optimum FW particle size and I/S ratio for methane production, 

thermal treatment/microwave irradiation of FW prior to the anaerobic digestion process was 

investigated as a strategy to enhance biomethane production. Microwave irradiation of the 

feedstock was chosen based on the existing literature which suggests it is an effective way to 

circumvent the well-known limitation of the hydrolysis step on AD performance (Figure 3.12).  
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A flow chart for experiment objective 2 is show in Figure 3.12. 

Figure 3.12 Experiment flow chart for objective 2.  

3.6.1 Microwave pre-treatment conditions 

A laboratory scale STARTSYNTH® microwave oven (Figure 3.13a) was used for the FW thermal 

pre-treatment step. The equipment has a maximum power output of 2.4 kW, operating at 220 V.  

The equipment consists of 20 sets of quartz vessels (Figure 3.13b) and a safety shield with springs 

and caps (Figure 3.13c), providing protection from explosion. It also eliminates volatile losses 

from the treated samples.  

Each quartz vessel was filled with 2g of food waste (composite sample), sieved through a 1mm 

mesh and 5ml of distilled water. This results in a 10% solids solution (Figure 3.14). The addition 

of distilled water to the sample before microwave treatment decreased the solid content from 

approximately 32% to 10%, thus transforming the sample from a thick paste into a less viscous 

liquid. 

The choice of a wet digestion (characterized by a low solids concentration of 0.5-15%) was based 

on several factors including: a) preventing adherence of solids to the quartz tube walls leading to 

sample loss, especially for high final temperatures, b) the need for smaller amounts of inoculum 

compared to the dry digestion (solids concentration Ó15%) and a lower retention time (Li  et al., 
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2011). According to Toreci et al. (2010) moisture content of organic wastes such as food waste 

affects MW pre-treatment efficiency, with higher water content increasing the effectiveness of 

pre-treatment, hence corroborating the effectiveness of wet digestion. 

Figure 3.13 (a) Microwave equipment used during this research; (b) quartz vessels and safety shield; (c) 

safety shields with screw caps. 

The vessels were sealed at room temperature at then placed into the STARTSYNTH® equipment.  

Figure 3.14 Solids dilution (2 g) prior to microwave irradiation. 

Four final temperatures were chosen: 85°C, 115°C, 145°C and 175°C and these were combined 

with three heating rates of 7.8, 3.9 and 1.9°C/min, which correspond to fast, medium and slow 

heating rate, respectively. In order to achieve these conditions, a power of 1000 W was applied 

based on a previous study by Zhang et al. (2016). Once the final temperatures were reached, the 

samples were held at such temperature for 5 minutes, referred to as the hold time. All the existing 

studies of microwave irradiation of FW have used a hold time of 1 minute. A longer hold time 

was chosen in this study to investigate its effect on methane production, solubilisation and 

biodegradability of the FW. 

The final temperatures were selected based on the existing literature and the equipment suitability. 

The STARTSYNTH oven has a temperature limit of 350°C. Marin et al. (2010) and Inoue et al. 

(2002) showed that temperatures under 175°C, lead to higher COD solubilisation compared to the 
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controls. In contrast the effectiveness of microwave irradiation on methane/biogas production 

under temperatures >175°C was proven to decrease. Therefore, the maximum temperature used 

in this study was 175°C.  

Several studies have shown that thermal treatment of solid wastes, including kitchen waste and 

sludge, at temperatures <70°C are not effective in enhancing biogas production ( Chamchoi et al., 

2007; Prorot et al., 2011; Gonzalez-Fernandez et al. 2012). Furthermore, there is scarce 

information available regarding the process performance at temperatures <100°C (Zhang et al., 

2016).  For this reason, 85ºC was selected as the lowest temperature in this study. 

Due to the different heating rates, each sample was exposed to different total irradiation times 

(Ttotal). This is the time required for the equipment and samples to reach the final temperature 

(tramp), calculated as shown in equation (9), plus, the hold time (thold) which is the time the 

samples are exposed to the final temperature (Table 3.4). It is important to mention that the initial 

temperature was assumed to be room temperature (20°C), and tramp as well as Ttotal are reported 

as approximate values. 

tramp was calculated as follows: 

tramp= 
  

  
Ј      (9) 

based on a 5 min thold     (10) 

Ttotal = tramp + thold      (11) 

Table 3.4 Operational conditions tested on food waste samples. 

Microwave Operational Conditions 
Final Temperatures  

85°C 115°C 145°C 175°C 

7
.8

 r
a

m
p tramp 8min 12min 16min 20min 

thold 5min 5min 5min 5min 

Ttotal 13min 17min 21min 25min 

3
.9

 r
a

m
p tramp 16min 24min 32min 39min 

thold 5min 5min 5min 5min 

Ttotal 21min 29min 37min 44min 

1
.9

 r
a

m
p tramp 34min 50min 66min 81min 

thold 5min 5min 5min 5min 

Ttotal 39min 55min 71min 86min 

After each application of microwave heating there was a cooling time of approximately 10 

minutes. During this time, the sample temperature decreases to room temperature by a cooling 

fan. The cooling of samples to room temperature is a precautionary measure to avoid loss of 

volatile solids when opening the vessels to remove their content. Nevertheless, sample loss 
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(volume reduction) especially at higher temperatures (145°C and 175°C) occurred, indicating 

solids loss (Figure 3.15a). 

There were only five complete sets of vessels available for this project and all had visible signs 

of wear, especially the screw caps. This could explain the volatile losses (VS/TS) observed after 

thermal treatment at high temperatures. After this finding, the microwave FW sample generation 

method was adjusted, by determining the VS/TS loss for each combination of final temperature 

and heating rate and then correcting before the characterization and BMP steps. This was to ensure 

the desired VS loading in each reactor. The processed samples were analysed as described on 

Section 3.2. 
 

Figure 3.15 (a) Sample loss/volatilization and evaporation at 145°C 1.9°C/min heating rate. (b) Cleaning 

step of the vessels to ensure complete removal of sample residue. 

3.6.2 Experimental factorial design for BMP tests of MW FW  

In order to determine the best operational condition (combination of final temperature and heating 

rate) for methane production from MW FW, a multilevel factorial design was used in the study, 

with three variables, i.e. final temperature of sample, heating rate and exposure time to MW 

irradiation (Table 3.5). 

Table 3.5 Factorial design for the microwave thermal treatment of food waste. 

 Factor 1 Factor 2 Factor 3 

Inoculum to 

substrate ratio 

(I/S) 

Particle 

size 

Final 

Temperatures 

Heating 

rate 
Exposure time to M.W irradiation (min) 

Optimum  Optimum  

 

 

85°C 

115°C 

145°C 

175°C 

 85°C 115°C 145°C 175°C 

7.8°C/min 13 17 21 25 

3.9°C/min 21 29 37 44 

1.9°C/min 39 55 71 86 
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The BMP tests were assembled according to Section 3.3, following the same calculation for seed 

and inoculum amount as in Section 3.3.1. Control samples were added to this experimental step. 

The control samples were not subjected to any microwave irradiation, hence containing untreated 

FW, as well as inoculum and distilled water. 

By virtue of the FW sampling and processing steps, all FW samples were considered 

representative, homogeneous and consistent in terms of physical-chemical characteristics. A 

single set of controls (untreated samples) was therefore considered sufficient all the experiments 

relating to microwave pre-treatment. All the experiments were conducted in triplicate including 

blanks and control reactors. 

3.6.3 Soluble phase of FW assessment  

After performing the BMP tests on the microwaved FW, it was noticed that samples treated at 

175 °C regardless of the heating rate exhibited the poorest process performance with lowest 

methane yields. The former could be a consequence of the formation of inhibitory compounds for 

the methanogenic population such as melanoidins and humic acids (Marin et al., 2010). Therefore, 

a complementary experimental step was added, consisting of analysing the biomethane potential 

originating from the soluble fraction of microwaved FW at 175°C at all heating rates. This 

experimental step is important in identifying the origin (whole or soluble fraction) of the 

inhibition responsible for the low methane yield. 

3.6.3.1 BMP tests using soluble fraction of food waste  

FW samples were treated at the desired temperature and heating rates (7.8, 3.9 and 1.9°C/min) in 

the microwave. Control samples were prepared with raw/untreated FW. 

An Eppendorf 5810 centrifuge from Sigma Aldrich was used to separate the solids from the 

solution (Figure 3.16a). This equipment has a maximum G force of 18.0 g. The centrifuge 

operating conditions for this study were based on previous work on microwave of FW reported 

by Marin et al. (2010), in which a force of 12.0 g was used for 30 minutes. A pilot run of 30 

minutes under maximum speed showed that this was insufficient to sediment all the solids. The 

centrifuging time was therefore increased to 55 min. After the centrifuge step the samples were 

filtered with a 0.45 µm membrane to remove any colloidal solids and obtain only the supernatant 

(Figure 3.16b). 

The final samples (Table 3.6) were placed on the reactors together with inoculum/ seed (in the 

proportion of 3:1) and distilled water. The biomethane production was assessed as described in 

Section 3.3. and the process performance analysed as described in Section 3.3.1. 
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Figure 3.16 (a) Eppendorf 5810 centrifuge used in the phases separation, (b) centrifuged and filtered 

samples. 

Table 3.6 Food waste solution volume before and after solid and liquid phases separation (centrifuging and 

filtering). 

Soluble F.W Sample Volume I (ml) Volume II (ml) 

175°C 7.8 ramp 52.1 40.5 

175°C 3.9 ramp 52.4 40.5 

175°C 1.9 ramp 52.2 40.7 

85°C 7.8 ramp 52.1 40.6 

Control F.W Soluble fraction 52.4 40.9 

*Vol I. Before centrifuging and filtering. Vol. II= after centrifuging and filtering. 

3.6.4 Soluble FW samples characterization  

After phase separation, the samples were analysed, using the methods described in Section 3.2.1, 

for the parameters described in Section 3.3.1. 

3.7 Objective 3: Microwave thermal treatment of digestate: influence of final 

temperature and substrate concentration on biomethanation of FW under 

MAD conditions 

The MAD of FW is a promising option for renewable energy generation in the form of 

biomethane. Nevertheless, the end product of the MAD (the digestate) has become a matter of 

concern due to issues of strict land regulations, land shortages, rising disposal costs (including 

gate fees) amongst others (Wei et al., 2003; Zhang et al., 2016). Therefore, alternative 

management methods are being investigated in order to reduce the volume of digestate produced 

and thus, reducing costs associated with haulage and disposal. 

Similar to sewage sludge, digestate is an end product of biological treatment, having similar 

properties to the former, such as incomplete mineralization (20 - 60%) at the end of the AD 

process (Park and Ahn, 2011), and hence retaining residual organic matter (TCOD and VS). 

Thermal pre-treatment could enhance the remaining organic matter solubilization improving AD. 

Despite this, in order to enhance the efficiency of the coupled process (microwave irradiation and 

AD) some corrective measures need to be made. The main measure refers to the correction of the 
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already well-known low C/N ratio (6 - 8) of the digestate. This can be achieved by combining the 

pre-treated substrate with untreated FW (C/N 10.9).  

The objective here aimed to investigate the biomethane potential from the whole fraction of FW 

when coupled with the re-circulation of microwaved treated digestate under different 

temperatures and concentrations in order to evaluate the possibility of enhancing energy recovery 

and biodegradability.  

Differently from FW, the final microwave temperatures for treating digestate were 75, 95 and 

115°C. The chosen range was based on the literature and previous work that stated that lower 

temperatures than the ones used to pre-treat FW are sufficient to promote organic matter 

hydrolysis and methane yield enhancement (Zheng et al.2009 and Eskicioglu et al. 2007). 

 The lowest temperature of 75°C was selected after considering previous work on the microwave 

irradiation on sewage sludge (primary and activated) by Zheng et al. (2009) and Eskicioglu et al. 

(2007). These work states that the treatment is inefficient with respect to methane production and 

biodegradability at temperatures below 60°C.  

The highest temperature of 115°C was chosen based on the work of Toreci et al. (2009) which 

reported poor process performance at both single and dual stage semi-continuous mesophilic 

anaerobic digestion of waste activated sludge pre-treated with microwave irradiation at 175°C. 

An intermediate final temperature (95°C) was chosen half way between the highest and lowest 

final temperature. A single heating rate (ramp time) was adopted since previous studies (Zheng 

et al., 2009; Eskicioglu et al.,2007) demonstrated that heating rate was not a significant factor 

affecting the solubilization and biomethanation of treated sludge.  

A heating rate of 1.4°C/min was chosen based on the work from Eskicioglu et al. (2007) that used 

a similar method as the one here (BMP tests in batches). The combination of this ramp time with 

the final temperatures, results in a similar total exposure time to the ones applied in FW treatment, 

thus allowing comparisons between them. A hold time of 5 minutes was used for all test 

conditions, to maintain the same pattern as that for objective 2. Furthermore, in order to allow a 

better comparison between the microwave pre-treatment of FW and the digestate, the optimum 

condition for methane generation using FW (85°C, 7.8 ramp) was also applied here (Figure 3.17). 
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A flow chart for objective 3 is show below. 

Figure 3.17 Schematic representation of Objective 3. 

3.7.1 Microwave pre-treatment conditions for digestate 

The digestate used in this experiment phase was obtained as described in Section 3.1.3. A 

permanent malfunction affected the STARTSYNTH® microwave equipment, which resulted in it 

only being able to perform part of the planned experimental conditions However, a CEM Mars 

Xpress Microwave oven became available which was used to complete this step (Figure 3.18a). 

The equipment has a maximum power output of 1.2kW. It operates with a power supply voltage 

of at 240V and has a microwave output frequency of 2444 MHz. The differences between this 

microwave equipment and the STARTSYNTH® are listed as follows:  

(a) the vessels were sealed with a safe membrane as well as new caps (Figure 3.18b, c) which 

were tightened with a screw driver (Figure 3.18d) reducing the likelihood of volatile losses; 

(b) the maximum power used in this case was 1200W, determined after a pilot run with the 

digestate and the realization that a lower power was not efficient to reach the desired temperatures;  

(c) because of the microwave functionality the application of irradiation on digestate had to be 

done in two distinct phases:  

1) the first one corresponded to half of the final power applied (600W) and approximately half of 

the final temperature; 

2) the second phase corresponded to the desired final operational conditions where the equipment 

reached the final temperature, within a period of time that corresponded to 1.4 °C/min (Figure 

3.19). Nevertheless, the total exposure time for microwave irradiation considered here, included 

phase1.  
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Figure 3.18 (a) Microwave Mars equipment; (b) vessel with safe membrane (c) vessels and caps; (d) tighten 

mechanisms for vessels. 

Despite the differences in configurations and operational methods of the two items of microwave 

equipment used in the experiment, it is believed that the BMP tests and characteristics of the 

treated digestate were not significantly affected, hence allowing comparisons between the 

methane yields and characterization samples. 

10 ml digestate were poured into each vessel which was then sealed. The sealed vessels were 

placed on a carousel inside the microwave oven which rotated the samples so the irradiation and 

heat were evenly distributed (Figure 3.20a). The temperatures inside the vessels were estimated 

by a single temperature probe place inside one of the vessels (Figure 3.20b). After each run the 

samples were cooled to room temperature by an internal fan for an approximately one hour 

(default time of the equipment). 
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Figure 3.19 Operational conditions of the MARS Xpress and an example of the microwave irradiation 

programme used to pre-treat digestate.  

The parameters and methods were analysed as described in sections (3.2 -3.4). Subsequently, all 

the samples were labelled and stored at 4°C until required for characterization and use in the BMP 

tests. 

Figure 3.20 (a) Microwave carousel, and (b) temperature probe placement inside microwave vessel.  

3.7.2 Experimental factorial design for BMP of MW digestate 

In order to determine the best operational condition (combination of final temperature and heating 

rate) for methane production from MW digestate a multilevel factorial design was used in this 

experimental phase. Three variables: final temperature, volume of treated digestate and final 

exposure time to MW irradiation were used, allowing the principal factors affecting process 

performance (including methane yield) to be assessed. (Table 3.7).  
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Table 3.7 Factorial design for the microwave thermal treatment of digestate. 

Factor 1 Factor 2 Factor 3 Factor 4 

Final Temperature (°C) Heating rate(°C/min) 
Concentration (%) of 

treated digestate 

Exposition time to M.W 

irradiation (min) 

75 

1.4 
25 

50 

75 

53 

95 62 

115 81 

85 7.8 16 

3.7.3 BMP tests for  the Re-circulation of the Microwaved Digestate 

In order to test the impacts of re-circulating the treated digestate on methane production from the 

whole fraction of raw/untreated FW, similar amount of FW was added to each reactor as in the 

preceding experiments: 8.0 g (5.0 g V.S) at 1 mm particle size. The inoculum/ seed content of 

each reactor was also calculated based on a 3:1 ratio, established as the optimum I/S ratio for the 

MAD of food waste.  

Following the method on the BMP tests performed here, the remaining volume of the reactor 

would be augmented to 500ml with distilled water so that all the reactors have the same working 

volume (of 400ml after removal of 100ml of sample for analysis). Nevertheless, in this experiment 

phase, part of the volume of the distilled water was replaced by treated digestate at the final 

volume proportions of 25, 50 and 75%. 

There is a lack of information in the literature on the impact of using digested effluent as a means 

to reduce fresh/distilled water use in substrate dilution prior to AD (Shariari, 2011), and/or to 

complete digesters volumes. One of the few relevant studies was published by Sun et al. (2010) 

who evaluated the potential for integrating AD into a water-recycled cassava bioethanol process. 

The benefits observed from re-circulating an end product in substitution for fresh water has been 

reported beyond process improvement (i.e. positive impact on yeast growth, enhanced microbial 

biomass inventory), all attributed to residual enzymes and cofactors that were beneficial to the 

microbial culture materials), making it a sustainable approach due to its potential to save water 

and reduce emissions. 

3.7.3.1 Monitoring samples of BMP tests with MW digestate 

The biomethane production from the re-circulation of digestate into the MAD of FW was assessed 

as described in section 3.3 and the process performance monitored as described in section 3.3.1.  

3.7.3.1.1 Monitoring bacterial concentration via volatile suspended solids during the 

re-circulation of MW digestate into the MAD of FW  

According to Mawioo et al. (2017), both effects of MW irradiation, namely thermal and non-

thermal action, are involved in the destruction of microorganisms in faecal and sewage sludge. 

The thermal effect causes rapturing of microbial cells when water is rapidly heated to boiling 

point (Tang et al., 2010; Tyagi and Lo, 2013). The non-thermal effects cause disintegration by 

breaking hydrogen bonds, which is attributed to the rapidly changing dipole orientation in the 
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polarized side chains of the cell membrane macromolecules (Banik et al., 2003; Park et al., 2004; 

Tyagi and Lo, 2013; Serrano et al., 2016).  

Microwave pre-treatment of the digestate could have an analogous (detrimental) effect on the 

bacterial population, and for this reason volatile suspended solids (VSS) was used as a monitoring 

parameter for changes in the bacterial concentration before (control samples), and after 

microwave pre-treatment, as to evaluate the influence of MW pre-treatment on bacterial density 

and correlate with process performance. The monitoring of this parameter was also done 

throughout the digestion process: at day 0, 4, 7, 14, 21 and 28. 

3.8 Objective 4: Integrated study of mass and energy balance of the mesophilic 

anaerobic digestion of pre-treated substrates (food waste and digestate) 

Despite the enhancement of AD, the pre-treatment methods available for solid wastes (e.g. food 

waste, sludge) are not always economically/technically viable, especially when assessing its 

applicability at an industrial scale (Carballa et al., 2011; Ariunbaatar et al., 2014). This objective 

assesses the feasibility of the integrating anaerobic digestion and microwave pre-treatment of both 

FW and digestate by calculating mass and energy balances based on the experimental results. The 

energy requirements of the microwave equipment associated with each of the operational 

conditions (combination of the final temperatures with a ramp rate) used in the pre-treatment 

phase of both FW and digestate were estimated as described next.  

The STARTSYNTH microwaved used for the thermal treatment of FW operated on a 

discontinuous heating mode, and did not offer a mechanism to record the power fluctuations 

throughout each run, or a temperature probe to follow the internal sample temperature. In this 

case, only the maximum power obtained for each operation condition was registered and used in 

the energy balance, and the final temperature assumed was the one initially chosen for each set of 

experiments. Equally, the MARS equipment used here to treat the digestate, worked on 

continuous mode and therefore, the maximum power reached was the one chosen at the 

programming step (1200W). In any of the cases, the impedance was not design to match the load, 

and for this reason, some bounds are put on the energy balance of the lab experiment as follows: 

a. Upper bound on energy balanceïconsidering the minimum specific energy 

(energy per gram of substrate) that could have been supplied to the substrate (Ein) 

is given by the product of the substrate specific heat (s) and the temperature 

through which it is raised (ʃ), i.e.:  

%  ί Ȣʃ  

 s for the digestate is assumed be that of water (i.e. s = 4.2 kJ/kg/° C). This is a conservative 

estimate of the Ein required because water will have a higher value of s than the non-water 

component of the substrate. However, the high specific heat of water and the amount of water 

present in the substrate mean that water is likely to dominate the overall specific heat of the 

mixture. In this sense Ein represents a realistic, estimate of the minimum Ein that must be supplied. 
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A calculation of the energy balance using this figure will thus produce a value close to upper 

bound on the energy balance.  

b. Lower bound ïconsidering the maximum Ein that could have been supplied by 

each microwave oven. For the STARTSYNTH equipment is the maximum 

power recorded multiplied by the time power was applied divided by the 

concentration of substrate in each experimental unit (gVS L-1). The maximum Ein 

that could have been supplied by the MARS equipment is the rated power of the 

oven (chosen at the programming step as 1200W) multiplied by the time this 

power was applied divided by the concentration of substrate in each experimental 

unit (gVS L-1). These both represent over estimates of Ein. In the case of the first 

oven it assumes the maximum power observed during the test was delivered to 

the substrate continuously throughout the test and in the case of the second oven 

it assumes the maximum possible power capable of being produced by 

magnetron was delivered the substrate continuously throughout the test. (The 

degree of over-estimation is greater for the second oven.) It is in this sense that 

the use of Ein so calculated represents a lower bound on the energy balance. 

Because microwave of digestate has not yet been tested, there is no reference of its specific heat 

on the literature. For this reason, its value was assumed to be the same as water, as the moisture 

content of this material is approximately 95%. In the case of FW, the specific heat has already 

been shown, and according to Daniel (1998), is equivalent to 1.92KJkg°C (dry FW-solids). 

Therefore, the final s of FW was determined according to both solids (32%) and moisture content 

(68%) fraction.  

The Net Energy (Enet) was calculated based on the energy input requirement (Ein), evaluated 

against the volume of biomethane (mlCH4/gVS added) produced (Eout) (Figure 3.21). 

Figure 3.21 Schematic representation of Objective 4. 
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CHAPTER 4 

4. CHARACTERIZATION OF FOOD WASTE AND ITS 

POTENTIAL USE AS A FEEDSTOCK FOR METHANE (CH 4) 

PRODUCTION VIA MESOPHILIC ANAEROBIC DIGESTION  

4.1 Introduction  

FW has been considered an attractive economical source for energy production, with substrate 

characteristics largely influencing the AD process performance (Zhang et al., 2013; Fisgativa et 

al., 2016). 

Nevertheless, food wasteôs composition at household and food service level (restaurants, canteen, 

etc.) varies significantly from region to region in the world. In Europe, FW is composed by 40% 

vegetables and fruit, 33% pasta and bread, 17% of dairy products (including eggs) and 9% of 

meat and fish residues, while in Asia, in particular in Japan, China and South Korea, FW is 

composed by a 56% of vegetables and fruits, 34% of rice and noodle, and only a small fraction 

(around 10%) due to fish, meat residues, and dairy products (Braguglia et al., 2018). Therefore, 

the large variation of FW composition/characteristics across the globe can represent a challenge 

when optimising the supply chain for biogas to renewable energy production (Fisgativa et al., 

2016). 

Despite the development of different reactor designs, such as two stage or multiple-stage reactors, 

the AD of organic wastes generally relies on single-stage systems, which account for more than 

95% of Europeôs full-scale plants. Moreover, mesophilic digestion has been preferred over 

thermophilic one, due to a small energy requirement, and greater stability (Dong et al., 2010; 

Montecchio et al., 2016).  

This chapter discusses the feasibility of the FW collected from Leeds University refectory as a 

substrate for methane production via MAD, as well as the use of Inoculum to Substrate ratios 

(I/S) as a key operational variable to optimize methane yield from MAD of FW in single stage 

systems (batch reactors). 

4.2 Results and discussion 

4.2.1 Sample composition  

The sample collected at the Leeds University Refectory was analysed for the organic and 

inorganic fraction. The sample composition varied significantly during the collection period 

(Figure 4.1, Figure 4.2), with an average daily organic fraction of 69.3% and an average daily 

inorganic fraction of 30.7%. 
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Figure 4.1 Organic and inorganic fraction percentages of sample during the 5 days collection period. 

Table 4.1 shows the total weight and composition for each subcategory. A total of 52.95kg of 

sample was collected, of which 37.40kg corresponded to the organic fraction and 15.55kg to the 

inorganic fraction (paper, plastic and others). 
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Table 4.1 Sample composition (organic and inorganic fraction) and weight from Leeds University 

Refectory. 

 

  

Fraction of the waste Organic Inorganic 

Collection Point 
Food Waste 
Weight (kg) 

Paper 
Weight (kg) 

Plastic 
Weight (kg) 

Others 
Weight (kg) 

Day 1 6.15 1.05 0.70 0.40 

Day 2 9.30 1.50 0.70 1.20 

Day 3 2.05 0.90 0.45 0.10 

Day 4 9.65 3.05 1.75 0.25 

Day 5 10.25 1.55 0.90 1.05 

Total Weight 37.40 8.05 4.50 3.00 

Collection Point 
Food Waste 

Composition 

Paper 

Composition 

Plastic 

Composition 

Others 

Composition 

Day 1 

Tomato, bread, pizza, 
spaghetti, chickpeas, 

cucumber, chicken, beef, 
green peas, mushroom, 

carrot, fried potatoes, 

rocket leaves, onions. 

Paper towels, 

napkins, coffee cups, 
sugar and salt 

sachets. 

Cloth, Ketchup 

container, wrapping 
foil, fork, spoons and 

cups, water bottle, food 
wrapping boxes. 

Chicken bones, metal 

spoon, wooden stirrer 
sticks, soft drink can, 

and chopsticks. 

Day 2 

Broccoli, carrot, eggs, 

sausages, bacon, spaghetti, 

fries, bread, green beans, 
pizza, chicken and cooked 

potatoes. 

Paper towels, 

napkins, coffee cups, 

sugar and salt sachet 
and merchandising 

leaflets. 

Ketchup container, fork 
spoons and cups, water 

bottle, food wrapping 

boxes. 

Soft drink can, 

Chicken bones and 
chopsticks. 

Day 3 

Pizza, minced meat, corn, 

tomato, spaghetti, fried 

potato, potato peels, 
mushrooms, red pepper, 

carrots, rice, okra, green 

peas and broccoli. 

Paper towels, 

napkins, Coffee 
cups, sugar and salt 

sachets. 

Ketchup container, 

wrapping foil, fork 
spoons, cups, and food 

wrapping boxes. 

Tea bags, metal knife, 

chopsticks and 

beverage can. 

Day 4 

Pizza, carrots, rice, corn, 
green peas, corncob, fried 

and boiled eggs, fried and 

boiled potatoes, bacon, 
beef, Yorkshire pudding, 

mushrooms, tomatoes fish 

and bread. 

Paper towels, 

napkins, Coffee 

cups, sugar and salt 

sachets. 

Ketchup container, 

wrapping foil fork 

spoons, cups, and food 

wrapping boxes. 

Cloth, Tea bags, metal 

knife, chopsticks, 

wooden stirrer and 

beverage can. 

Day 5 

Mushrooms, baked beans, 
sausages, butter, peas, 

tomatoes, onions, bread, 
cucumber, cooked eggs, 

banana and banana peels. 

Paper towels, 
napkins, Coffee 

cups, sugar and salt 

sachets. 

Ketchup container, 
wrapping foil fork 

spoons, cups, and food 

wrapping boxes. 

Cloth, Tea bags, metal 

knife, chopsticks, 
wooden stirrer. 
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Figure 4.2 Organic and inorganic fraction of sample during the 5 days collection period. 
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The composition of the organic fraction varied along the collection points, and consisted of mixed 

cooked and uncooked food such as: cooked white rice, fried potato, bread (white buns), as well 

as fruit and vegetable peals and pieces (banana, tomato, onion, broccoli, and others). The meat 

content of the waste included poultry, beef and fish (Table 4.1). 

Although the weight and composition of the inorganic fraction was recorded, it was later removed, 

so there was no interference with fluid dynamics, biodegradation as well as methane yield from 

the anaerobic digestion of this waste (Steffen et al., 1998). 

4.3 Composite food waste characterization 

The physical and chemical characteristics of the organic waste are important for the design and 

operation of anaerobic digesters since these affect biogas production and process stability (Zhang 

et al., 2007). The collected FW was therefore characterized and the characteristics analysed in 

terms of suitability for the anaerobic digestion process. 

4.3.1 Solids and moisture content of CFW 

The average Moisture Content (MC), VS (Volatile Solids), Total Solids (TS) and VS/TS ratio of 

the collected FW are shown in Table 4.2. The TS (31.89 mg/kg) and VS (29.60mg/kg) content of 

the present study are consistent with other works reported in the literature. The TS fraction 

reported elsewhere ranged from 14.3% to 30.9%, indicating that water accounted for 85.7% to 

69.1% of the FW. This is similar to the MC of the FW from the Leeds University Refectory 

(68.11%). A study, conducted by Kwon and Lee (2004) in a Korean University Cafeteria, showed 

MC (80%) and VS/TS content (94%), similar to the present study (Table 4.2). 

Volatile solids can be used as a measure of the organic content in a sample. The organic content 

has an influence on the final methane production since it acts as a source nourishment for the 

bacteria in the reactor (Zhang et al., 2014). Tsunatu et al. (2014) showed that the percentage of 

VS content from TS content must be in a range of 80 ï 90% to produce the optimum biogas. A 

large percentage of the TS of the CFW samples was organic (VS/TS 92.91%), hence suggesting 

the adequacy of the sample to be used as a feedstock for biogas/methane production, without any 

further adjustments. The VS/TS ratio of the CFW it is also in agreement with previous work 

reported in the literature (Vavouraki et al., 2013, Zhang et al., 2013) (Table 4.2).
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Table 4.2 Physical and Biochemical Characteristics of food waste samples and comparison with published literature 

 

Parameter/Sample 

 Present work References 

_ Average Value 

(standard deviation) 

Vavouraki  et al. 

(2013) 

Zhang et al. 

(2007) 

Zhang et al. 

(2011) 

Zhang et al. 

(2013) 

Quiang et al. 

(2013) 

Number of 

samples (n) 
CFW Kitchen Waste Food Waste Food Waste Food Waste Food Waste 

Moisture Content % 3 68.11 (0.30) 81.5 (0.66) - - - - 

Total Solids (TS) mg/kg (w.b.) 3 31.89 (3.01) 18.5 (0.71) 30.90 (0.07) 18.1(0.6) 23.1 (0.3) 14.3 (1.75) 

Volatile Solids (VS) mg/kg (w.b.) 3 29.60 (4.05) - 26.35 (0.14) 17.1 (0.6) 21.0 (0.3) 13.1 (1.71) 

VS/TS % (d.b.) 3 92.91 94.1 (0.35) 85.30 (0.65) 0.94 (0.01) 90.9 (0.2) - 

C %TS 3 53.06 (0.37) - 46.78 (1.15) 46.67 56.3 (1.1) 47.4 (0.01) 

H %TS 3 7.79 (0.10) - - - - 6.65 (0.28) 

N %TS 3 4.85 (0.07) - 3.16 (0.22) 3.54 2.3 (0.3) 1.90 (0.09) 

O %TS 3 34.18 (0.51) - - - - 43.7 (0.28) 

S  %TS 3 0.13 (0.03) - - - - 0.41 (0.06) 

C/N - 3 10.95 - 14.80 13.2 24.5 (1.1) 24.94 

Lipid % TS 3 27.62 (1.36) 14.0 (0.51) - 23.3 (0.45) - - 

Protein % TS 3 24.31 (1.00) 16.9 (0.69) - - - - 

Carbohydrate % TS 3 42.75 (1.97) 24.0 (1.06) - 61.9 - - 

Total Chemical Oxygen 

Demand (TCOD) g/kg 

3 
327.46 (22.13) - 

- - - - 

Soluble Chemical Oxygen 

Demand (SCOD) g/kg 

3 
228.30 (21.0)  

    

Ammonia g/kg 6 13.30 (0.40)      

TKN g/kg 6 16.44 (0.48)      

Total VFAs mg/L 3 785.49 (2.65) - - - - - 

Phosphorous g/kg 3 0.28 (0.05)      

pH 3 4.20 - -  - - 

*Data reported as mean values with standard deviation are in brackets, when available. 
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4.3.2 Elemental composition (C, H, N, S) 

The elemental composition of the CFW sample is reported in Table 4.2. There are a number of 

key factors influencing Anaerobic Digestion. Carbon to Nitrogen ratio (C/N) is an important 

indicator of potential ammonia toxicity and inhibition. According to Kroeker et al. (1979), 

regarding the AD process, a substance is considered to be inhibitory when it causes an adverse 

shift in the microbial population or inhibition of bacterial growth. Therefore, inhibition is usually 

detected when there is a decrease in the steady-rate of methane gas production and accumulation 

of organic acids. 

An optimum C/N is required for bacteria growth and to maintain a stable environment. Generally, 

a range of 20 - 30 is considered the optimum C/N ratio for AD (Puyuelo et al., 2011), reducing 

the risk of ammonia inhibition. The CFW elemental analysis showed a similar range of Carbon, 

Oxygen, Hydrogen, Nitrogen and Sulphur to previous work reported in the literature. However, 

in this case, with a C/N ratio of 10.95 which is significantly lower than the stabilised threshold 

(Table 4.2). 

Nevertheless, different studies have shown that it is possible to operate anaerobic digesters with 

lower C/N ratios (15 - 20). This is usually achieved by co-digesting FW with other organic wastes. 

Kumar et al. (2010), for example, co-digested food and green waste showing that organic 

substrates could be digested at C/N ratio of 19.6. Zhang et al. (2013) on the other hand, showed 

that the optimum C/N ratio when co-digesting FW and cattle manure was 15.8.  

It is possible to improve the C/N ratio by adding nitrogen-rich substrates, such as manure, when 

the nitrogen content is low, or by adding carbon rich substrates, when nitrogen content is high. A 

similar strategy was used by Musa et al. (2014), who tested different C/N ratios when 

anaerobically digesting FW. The authors originally had a C/N of 17, from a mix of rice and 

noodles, leafy vegetables, raw chicken and beef and cooked fish. In order to increase this value 

to 26 and 30, vegetables (corn, lettuce, carrot and broccoli) as well as fruit (pineapple, 

watermelon, oranges and strawberries) were added to the mix in different proportions. A C/N 

ratio increase was beneficial for the AD process since it aided the chemical oxygen demand 

(COD) removal rate (75% to 80% when increasing the C/N ratio to 26 and 30 respectively; 

compared with 69% when using the original C/N ratio). The ultimate benefit was to improve 

reactor performance by increasing methane production and yield. The average biogas yield 

obtained was 0.479L/gVS, 0.620L/gVS and 1.002L/gVS for the C/N ratio of 17, 26 and 30, 

respectively. 

Toxicity and inhibition of the digestion process may occur if sulphur concentration is high 

(Ó0.4%), caused by corrosion effects in digesters, biogas pipes and biogas utilisation devices, thus 

requiring desulphurisation system(s) (Zhang et al., 2014). Nevertheless, in this study the sulphur 

content of the CFW was low (0.13% TS), and no corrective measures were implemented, 

therefore, during the AD process. 
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4.3.3 Total and soluble chemical oxygen demand of CFW 

Total Chemical Oxygen Demand (TCOD) is a measure of organic matter in a particular waste 

(Gerardi, 2003). Although the TCOD value found on processed samples (327.43g/L) was similar 

to other studies treating FW (Komemoto et al., 2009; Musa et al., 2014), they all suggest a high 

demand of oxygen per litre of sample to stabilise organic content.  

The soluble chemical oxygen demand (SCOD) on the other hand, is an indicator of the readily 

soluble fraction of organic matter that can be used by the microbial community as an available 

source of energy when anaerobically digesting the FW. In this study, the SCOD/TCOD is 69.71%, 

representing a higher value than the one reported by Saragih et al. (2018), with a SCOD/TCOD 

of FW equivalent to 43.3%. This latter aspect of the CFW, suggests its feasibility as a substrate 

for AD, at the same time it demonstrates that there is room for hydrolysis improvement of the 

FW, which can be obtained through several pre-treatment methods. 

4.3.4 Organic fraction composition (lipids, carbohydrates and proteins) 

In this study, the CFW was mainly composed of carbohydrates, which added to 42.75 % of the 

TS. These results reflected the FW composition, where this component was present in its various 

forms, including: fructose present in fruit peals and pieces, cellulose (non-starch polysaccharides) 

found in the vegetable peals and pieces, as well as the starch, a polysaccharide found in bread, 

rice and potatoes (Reilly, 2002).  

The organic fraction composition is consistent with previous studies on FW regardless of the 

differences in (i) waste source (geographic location, type of establishment: restaurants, canteens, 

households, hotels, etc.), (ii) collection methods (seasonality) and, methods used to characterize 

the samples, where carbohydrate was the most abundant organic fraction compound of this type 

of waste (Table 4.2). 

Lipids made up 27.62% of the TS content. A low lipid concentration could be beneficial when 

anaerobically digesting the CFW. According to Bong et al. (2018), this is because high lipids 

concentration can result in a process failure caused by the production of long-chain fatty acids 

(LCFA) and the formation of oil flock. The latter can be absorbed by the microbial cells inhibiting 

organic matter degradation thereby suppressing further biogas production. 

Although broad in terms of variety, the volume of protein in the sample (24.31% of the total solids 

content) was lower than the rest of the organic fraction components. The protein content of FW 

and its effects on anaerobic digestion is controversial in the literature. The nitrogen concentration 

resulting from microbial digestion of proteins can have either a positive or a negative effect on 

the process. The positive effect can result from the nitrogen acting as a buffer agent due to the 

release of NH3 or NH4
+, which neutralize the metabolic acids (Volatile Fatty Acids) produced by 

the microorganisms in system. The negative (inhibitory) effect of high N concentration is by 

supressing methanogenic activity by several mechanisms such as: a change in the intracellular 

pH, increase of maintenance energy requirement, and inhibition of a specific enzyme reaction 
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(Whittmann et al., 1995, Banks et al., 2011).  Nonetheless, sufficient N content leads to an 

increase of 20% in biogas production when compared to digesters which suffers from N 

deficiency (Garcia-Peña et al., 2011). 

Regarding the variation of FW source and its implication on the final characteristics of the waste, 

Fisgativa et al. (2016) conducted a study on the coefficient of variance (CV), based on 102 

samples collected in different parts of the world and during distinct seasonality (summer, winter, 

working period, long holidays, etc.). As expected, the characteristic of FW displayed a high CV. 

In that study it was observed that FW had an average pH of 5.1 (CV 13.9%), VS of 88.2% (CV 

9.3%), BMP of 460.0 NL CH4/kg VS (CV 19%), 36% of carbohydrates (CV 57.2%), 26% of 

protein (CV 62.2%), 15% of fats (CV 52.0%), 25% of lingo-cellulose. 

The large variation of FW composition/characteristics can represent a challenge when optimising 

the supply chain for renewable energy production worldwide. There is a clear incongruity 

between the variability of feedstock characteristics (with a significant seasonality; and certain FW 

samples yielding higher biogas production than others) and the constancy of energy demand (such 

as the fuel required for transportation) which is present all year round (Yue et al., 2014).  

4.3.5 pH and volatile fatty acids (VFAs) of CFW 

FW is a substrate known for having low pH (acid). The pH (4.20) results found for the Leeds 

University Refectory waste were consistent with other FW studies, which found a pH range 

between 4 and 5.2 (Zhang et al., 2007, Elbeshbishy et al., 2012, Browne and Murphy, 2013). 

The VFAs content of CFW samples is reported in Table 4.3. Volatile fatty acids (VFAs) which 

mainly include acetic acid, propanoic acid, butyric acid, and valeric acid, are the main 

intermediate products during the acidogenesis and acetogenesis phase of organic waste in AD 

(Pham et al., 2012). It is possible to infer from the results (Table 4.3) that the FW had already 

started to undergo decomposition (fermentation), reaching the acidogenesis/acetogenesis phase, 

where intermediate products were formed, this could also justify the low pH range found in the 

waste.  

Table 4.3 Volatile Fatty Acids present in CFW sample. 

ACIDOGENESIS/ACETOGENESIS PRODUCTS 

Product Concentration (mg/L) Structural Formula 

Acetic Acid (mg/L) 757.70 

 

Propanoic Acid (mg/L) 5.74 

 

Iso-butyric Acid (mg/L)  22.05 

 

Total VFAs (mg/L) 785.49 
_______ 
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As previously stated, carbohydrates in their various forms were the main constituent of the food 

sample studied here. When the polysaccharide (starch, present in the bread and rice-constituents 

of the sample here studied) are hydrolysed, monosaccharides are released, and their further 

degradation into the AD process leads to the production of acids such as the acetic acid (Puyuelo 

et al., 2011). Acetic acid was the most abundant intermediate product of the CFW (Table 4.3). 

4.4 Biomethane potential tests with CFW  

It is well known that substrate particle size (PS) affects significantly the BMP tests. This 

information is relevant since microorganisms can degrade only the substances present on the 

organic solid surfaces (Vavlin and Angelidaki, 2005). Smaller particles increase biodegradability 

by expanding the surface area and consequently, food availability to the microbial community, 

thus improving methane production (Mshandete et al., 2006, Izumi et al., 2010). 

In this study, preliminary tests on substrate particle size were carried out using FW sample from 

Leeds University Refectory (results not shown). PS of 1mm resulted in a higher experimental 

methane yield and biodegradability percentage than other sizes tested (2 mm and 5 mm).  1 mm 

particle size was therefore chosen as optimum for this study. 

Moreover, the bioconversion of organic matter into methane requires sufficient amount of 

bacteria/ inoculum to be present. Therefore, the Inoculum to Substrate (I/S) ratio has also a 

significant influence on the performance of BMP tests, and should be previously determined. By 

applying this step, it is possible to ensure that primary and intermediate products of fermentation 

can be degraded giving way to bioenergy production at a minimum engineering cost (Hashimoto, 

1989; Lu et al., 2012).  

In order to access the suitability of the CFW sample as a substrate for methane production, a series 

of Biomethane Potential (BMP) Tests were performed, using 1mm particle size and three different 

I/S ratios: 3:1, 2:1 and 1:1.  

4.4.1 Methane production from CFW  

Figure 4.3 shows cumulative methane production over a period of 28 days for three different I/S 

ratios. The lower I/S ratio (1:1) yielded a higher methane production rate than the higher I/S ratios 

from day 3 to day 7 with 85.6% of the total methane observed for the duration of the BMP test 

obtained by day 7 of digestion. After this period, methane production reached a plateau, 

stabilizing until day 28. On the other hand, the higher I/S ratios methane production increased 

discretely during the first 5 days of digestion, followed by a significant increase between days 7 

and 14 and finally lowering the production until the end of the process. 
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Figure 4.3 Normalized cumulative methane production of food waste samples treated at different I/S ratios. 

Values are expressed as average values of triplicates.  

As shown in chapter 3 Section 3.5, all the reactors contained the same amount of substrate (food 

waste) varying the inoculum/seed (bacteria) concentration, meaning that latter was the limiting 

factor on the digestion process. Moreover, the higher I/S ratios, had an elevated concentration of 

bacteria, which although did not have a positive influence on the methane production rate 

(especially at the first week of digestion), it definitely help the system to accomplish a higher 

cumulative methane for the total digestion period (Figure 4.3). 

Due to its high biodegradable profile, FW anaerobically digested as a sole substrate in batch 

systems heralds a high concentration of intermediate products- volatile fatty acids in the start ïup 

phase (first week of digestion) (Angelidaki et al., 2009). The start-up phase is generally 

considered the most critical step in the operation of anaerobic digesters. Once an anaerobic 

digester has been started up successfully, it is expected to run without much attention as long as 

operating conditions are not significantly altered (Hobson and Wheatley, 1993). 

According to Kalyuzhnyi et al. (2000) when dealing with highly biodegradable substrate as the 

one used here, higher bacteria amounts is preferred. The reason being that the assimilative 

methanogenic capacity of the seed reduces as the organic matter or by-products of the organic 

waste degradation (e.g. VFAs) increases in the system. Therefore, by utilizing higher inoculum 

concentration, a better process performance can be obtained, since the system can overtake or at 

least reduce the impacts of the acidification/inhibition phenomena, due to sufficient bacteria 

concentration, that are capable of metabolizing the excess organic matter and intermediates 

products into methane, with no system failure (cessing methane production) or significantly 

lowering its production through the process. (Boulanger et al., 2012).  

The cumulative methane production during the anaerobic digestion of FW of lower I/S ratio (1:1) 

confirms this theory. In this case, there was a 52% reduction on the cumulative methane 

production in relation to the 3:1 and 2:1 ratio. The reduction on the assimilative capacity of the 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

0

200

400

600

800

1000

C
u

m
u

la
ti
v
e

 m
e

th
a

n
e

 p
ro

d
u

c
ti
o

n
 (

m
l/
C

H
4
S

T
P

)

Digestion Time (Days)

 Ratio 3:1

 Ratio 2:1

 Ratio 1:1

I/S ratios



93 

seed on the 1:1 ratio, could have been the result of low bacteria concentration, which were not 

able to adapt to the typical difficult start-up phase (pH drop, and acidification) of FW. In addition 

to the reduction on the assimilative capacity of the seed, the slow growth rate of the methanogenic 

population, could explain the methane plateau observed for the 1:1 ratio after the first week of 

digestion. The capacity to continue to produce methane in a progressively way after the first week 

of digestion from the amount of FW added is clearly expressed in the 2:1 and 3:1 ratio 

performance. Therefore, confirming that the poor process performance (in terms of bioenergy 

generation) comes from low bacteria activity and number. 

Similar to the finding here reported, Boulanger et al. (2012) observed a higher cumulative 

methane yield at higher I/S ratios (2 and 4) compared to other tested (0, 0.015, 0.03, 0.06, 0.12 

and 0.25).  

On the other hand, the faster methane production rate observed for the lowest I/S ratio during the 

first week of digestion could reflect a better hydrolysis rate. Considered as a surface process, 

hydrolysis requires the contact between bioactive agents (either hydrolytic microorganisms or 

enzymes) and the waste surface for it to be successful (Song and Clarke, 2009). 

The improved hypothesized hydrolysis rate of 1:1 ratio could therefore be the result of one or two 

more factors such as:) a better access to the substrate particles surface which is bioavailable for 

microbe degradation, or/and b) as a result of easier to digest compounds (protein, lipids and 

carbohydrates) being more abundant than lignocellulosic compounds which are slowly digested 

by the microorganism. However, due to the FW sample homogenization before the BMP tests, 

the last hypothesis is considered very unlikely. Lastly, a higher concentration of hydrolytic 

bacteria in the inoculum (resulting from a poor mixing method when assembling the reactors) 

compared to the other I/S could have favoured the better hydrolysis rate. 

Boulanger et al. (2012) observed a saturation phenomenon regarding the hydrolysis rate when 

treating MSW under different I/S ratios. According to them, as the I/S ratio increased, the 

bioavailable surface of waste decreased, due to becoming totally covered by hydrolytic agents 

which were more abundant than in the lower ratios. Thus, their conclusion was that the increased 

bacteria concentration responsible for the waste hydrolysis was not necessarily beneficial and 

could not improve further hydrolytic capacity of the system. 

4.4.2 Technical digestion time 

The digestion process performance can be accessed by the technical digestion time (T80), which 

corresponds to the period (time in days) taken by the digestion process to achieve 80% of the 

maximum yield (Xie et al., 2011). Both 3:1 and 2:1 had similar technical digestion times of 17 

days, corresponding to a 142.8% longer time than that for the 1:1 ratio (Figure 4.4). The shorter 

digestion time observed for the 1:1 ratio could be possibly explained by a better hydrolysis rate, 

as previously discussed. 



94 

Zhang et al. (2007) digested FW anaerobically in a batch system, under thermophilic temperatures 

(50°C), and similar to this study, observed that 80% of the total methane produced was obtained 

after 10 days of digestion. 

Figure 4.4 Technical digestion time (T80) for the different S/I ratio studied. 

4.4.3 Total volatile fatty acids behaviour during the AD of CFW 

For all I/S tested, the highest Total Volatile Fatty Acids (TVFAs) production occurred  between 

the second and fourth day of digestion, when it showed an increment of 203.6 % for the reactor 

3:1; 225.6% for the reactor 2:1 and, 193% for the reactor 1:1 as compared to day 0, when the 

experiment was assembled indicating that hydrolytic and fermentative bacteria were active and 

efficient in degrading the organic waste used (Figure 4.5). 

Figure 4.5 Total Volatile Fatty Acid behaviour during the anaerobic digestion of different I/S ratios. 

For the higher I/S ratios, the increment of Total VFAs (%) during the Hydrolysis and 

Acidogenesis phase observed in this study, was similar to the one published by Fernãndez et al. 

(2010), who also treated FW in a mesophilic anaerobic digester using two different TS 
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concentrations: 20 and 30%, obtaining a VFAôs increase of 207 and 306%, respectively in relation 

to when digestion started. 

Mineralization and stabilization of solid wastes is one of the desired outcomes of anaerobic 

digestion process. In order for this to happen, the numerous interactions between the different 

groups of bacteria (hydrolytic fermentative bacteria, proton reducing acetogenic bacteria, 

acetoclastic methanogens, and hydrogenotrophic methanogens) present in anaerobic digesters 

need to be coordinated and fined tuned (Lee et al., 2012). Under a stable AD process, these 

bacteria catalyse organic waste components to volatile fatty acids, hydrogen, and carbon dioxide, 

which became the main products of fermentation (Chynoweth and Pullammanappallil, 1996). On 

the other hand, under unstable conditions such as higher substrate loadings; reduced metabolites 

(e.g., propionic and butyric acids) accumulate (Griffin et al., 1998). 

In this study TVFAs accumulation occurred for all tested I/S ratios on the 2nd and 4th day of 

digestion, which is a clear sign of kinetic unbalance, thus suggesting that the metabolic capacity 

of the methanogens was initially not sufficient to balance the increasing activity of the fermenters 

on the easily biodegradable FW (Figure 4.5).  

Nevertheless, the TVFAs accumulation was greater at higher I/S ratios. This finding is possibly 

related to the amount of seed in the reactors, since increasing the ratio, increases the number of 

active bacteria brought into the system, including the ones responsible for VFAs production ï 

acidogenic population. It can be inferred that the higher concentration of bacteria, improved the 

assimilation of organic matter in the waste, hence implying on a higher concentration of VFAs 

produced.  

On the other hand, the accumulation of metabolites had a detrimental effect on the methane 

production during this period for 2:1 and 3:1 ratio, which was lower than for the 1:1 ratio. A 

possible explanation for the lower methane production relates to methanogenic community 

inhibition, due to a higher pH drop, and system acidification. 

The accumulation of intermediate products on the first days of digestion, together with the 

acidification of the system is a common finding when anaerobically digesting FW as a sole 

substrate, in a single- stage system, such as batch (Neves et al., 2004; Zhang et al., 2007; Forster-

Carneiro et al., 2008; Liu et al., 2009). The most common reasons for the acidification of the 

system are related to the labile organic fraction (LOF) of this type of waste. The LOF is the initial 

solubilised product obtained as a result of the highly biodegradability rate of F.W under the 

presence of microorganisms. This fraction is rapidly consumed and transformed into intermediate 

products (VFAs), which leads to a pH drop and can create an unfavourable environment for 

methanogenic bacteria, thus affecting the methane production and final methane yield. 

Nevertheless, the system acidification level is directly affected by the amount of organic matter 

and LOF of the waste. Thus, the importance of choosing a suitable S/I ratio to maintaining an 

efficient anaerobic digestion process (Kawai et al., 2014).  
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In anaerobic digestion, there are two main acidification types. In the first one, known as 

irreversible acidification, the anaerobic digestion process suffers an irrevocable failure, due to a 

pH drop, which consequently inhibits the intermediate products (VFAs) consumption. In the 

second type; reversible acidification, the system is capable of recovering itself. In this case, 

despite the high production rate of VFAs in the initial phase of the process, the produced VFAs 

are further consumed. Therefore, the declining pH recovers during the digestion period 

(Eskicioglu and Ghorbani, 2011; Kawai et al., 2014).  

In this study, the different I/S ratios tested all suffered a reversible acidification, with the high 

TVFAs concentration at the beginning of the digestion process being latter consumed and 

transformed into methane.  

4.4.4 Propanoic to acetic ratio (p/a ratio)  

In the present study, acetic and propanoic acids were the intermediate products to build- up on 

the first days of digestion. For this reason, the propanoic to acetic ratio (p/a ratio), an indication 

of process stability, was monitored throughout the experimental period. It was observed that for 

all the I/S ratios here tested the p/a ratio exceed the recommend threshold of 1.4 mg/L (Hill et al., 

1987). 

Values ranged from 2.95 (2:1 ratio) to 5.4 (1:1 ratio), and occurred at different points of the 

digestion period. For the 3:1 ratio there was a 3.29-fold increase on the recommend p/a threshold 

at a latter moment of the digestion (14th day) when compared to the other ratios, on which the 

main peak occurred at the 7th day of digestion (Figure 4.6). 

Figure 4.6 Propanoic to Acetic acid ratio concentration during the anaerobic digestion of food waste under 

different I/S ratios. 

The p/a ratio increase can be a result of various factors including: a) a faster degradation of the 

acetic acid in relation to the propanoic acid by the microorganism causing a higher concentration 

of the latter in relation to the former, or b) the inhibition of propanoic degrading syntrophs (e.g., 

Syntrophobacter wolinii), leading to an accumulation of propanoic acid (Griffin  et al., 1998). 
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According to Pullammanappallil et al. (2001), the thermodynamic kinetics of the oxidation of 

Propanoic acid is exergonic only at low hydrogen pressures. Therefore, under a system 

perturbation such as: variations in acidogenic and methanogenic biomass concentration and 

activity (e.g. hydrogenotrophic methanogenesis inhibition, or changes in pH values) there can be 

accumulation of propanoic acid and, subsequent system failure (Xiao et al., 2015). 

Xiao et al. (2015) demonstrated that a low pH range (4.50 to 6.50) on a two-stage anaerobic 

digestion had a detrimental effect on this type of acid degradation, once it affects the activity of 

the main strain of bacteria responsible for its consumption. According to the same authors, it is 

believed that under single-stage digestion, such as batch, these effects are intensified. 

In the present study, all the ratios contained the same amount of substrate (food waste), treated 

under different concentrations of seed (microorganisms), with the highest ratio containing the 

highest amounts of microbes. In this context, the propanoic acid degradation on the 3:1 ratio is 

expected to be faster than in the other tested I/S ratios, and for this reason not prone to 

accumulation.  

However, the 3:1 ratio exhibited a longer period with a lower pH range compared to the other I/S 

ratios here tested. From the 2nd to the 7th day of the digestion, the pH ranged from 6.50-6.84. The 

longer exposure to an acidified environment could have negatively affected/inhibited the 

propanoic acid degrading bacteria activity, which could help explain a posterior peak of the p/a 

ratio (Figure 4.6). 

The 1:1 ratio in turn, exhibited the highest p/a ratio of all tested conditions at day 7 of digestion. 

However, differently from the 3:1 ratio where the most plausible explanation for the exceeded p/a 

threshold is an inhibition of the propanoic degrading syntrophs microorganisms, the lower I/S 

ratio could have benefited from a higher acetoclastic activity (Figure 4.7). 

Although the bacterial community structure were not measured in this study, it seems plausible 

to infer by the VFAs concentration that acetoclastic methanogenic activity would have become 

the main path for methane formation on the 1:1 ratio, evidenced by the rapid acetate consumption 

rate (77.14% consumed between day 4 and 7, compared to 61.00% for the 3:1 ratio), thus 

suggesting either a higher concentration of acetoclastic bacteria within the reactor or a better 

activity rate of these microorganisms in this reactor. 

Figure 4.7 also confirms the hypothesis of inhibition of the propanoic acid degrading bacteria 

activity postulated for the 3:1 ratio, since the concentration of propanoic acid between 4 and 7 

almost doubled (increasing from 282.52 to 407.19mg/L) with an accumulation of this acid within 

this period. Despite the exceeding p/a ratio threshold for all the I/S ratio, methane production was 

not significantly affected during the period on which the p/a ratio threshold was exceeded. 
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Figure 4.7 Propanoic and acetic acid consumption rate for the different I/S ratios. 

These results contrast with the ones found by Boulanger et al. (2012), who analysed the influence 

of different I/S ratios on the degradation Kinetics of MSW. The authors observed that under high 

I/S ratios (1ÒI/S< 4) the cumulated methane production curves exhibit two phases. In the first 

phase (first days of digestion) hydrogenotrophic metabolism predominated possibly, as a 

consequence of a high inoculum densities which might have favour spatial proximity between 

VFA oxidizers and hydrogenotrophic methanogens, thus enhancing syntrophic relationships 

resulting in earlier methane production by hydrogenotrophic pathway. The second phase in turn 

(after first week of digestion), corresponded to an increased contribution of the acetoclastic 

pathway. 

The pH drop observed by the aforementioned authors was sharper than then one detected here 

(Figure 4.8), reaching values of 6. One possible explanation for this difference is the amount of 

LOF present on the FW used in both studies. As previously mentioned, the LOF is one of the key 

factors determining TVFAs concentration and, hence the acidification degree of the system. 

Under their experimental conditions the maximum TVFAs concentration reached values greater 

than 3g/L for the 0.33 ratio, compared to 2.10g/L for the 3:1 I/S here tested, which in turn suggests 

a lower LOF of the waste here used.  

Nevertheless, previous studies (Moreno-Andrade and Buitrón, 2003; Neves et al., 2004; Parawira 

et al., 2004; Kawai et al., 2014) have demonstrated that it is possible to rescue a digester from 

acidification by utilizing a higher concentration of inoculum. In consonant with these previous 

findings, there was a pH recovery for all the I/S reactors, especially for the 3:1 ratio. In all cases, 

the pH continued to increase until the end of the digestion period, which coincided with the 

concomitant, progressive TVFAs removal of the reactors, and further methane production. 
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Figure 4.8 pH behaviour during anaerobic digestion of food waste under different ratios. 

The recovery of the system after the acidification on the first week of the digestion showed a 

positive relation with the amount of inoculum in the reactors, with the 3:1 and 2:1 ratio exhibiting 

a better recovery rate than the 1:1 I/S. This can be evidence by a pH increase from 6.76 to 7.48 

observed for the 3:1 ratio, together with a TVFAs removal rate of 58% as opposed to a pH increase 

from 7.53 to 7.62 followed by an average 56% TVFAs removal rate for the 1: 1 I/S ratio (Figure 

4.9). 

These results suggest that a combination of higher concentration of bacteria, (with an adequate 

activity rate), favoured by a balanced anaerobic environment (i.e. with no major inhibitions such 

as excessively high p/a ratios, or high ammonia concentration-results not shown), leads to a better 

TVFAs removal rate and further pH increase after the already expected acidification phase, when 

digesting FW as a sole substrate in a single-stage system (batch). 

Similar relation was observed by Kawai et al. (2014), who verified that the rates of VFA 

consumption and pH recovery decreased, as the I/S ratio also decreased, meaning that the 

recovery rates were negatively affected by the reduced inoculum quantity compared to the amount 

of the substrate used.  

The methane produced after the first week of digestion, under the recovery phase, also showed a 

straight relation with the different I/S here tested, with the highest methane production observed 

for the highest I/S ratio. This was already expected, since a TVFAs removal rate was improved 

under higher inoculum concentrations, and these intermediate products are the precursor for 

methane formation. 

For the 1:1 I/S ratio the methane production occurred mainly in the first week of digestion, 

therefore in the recovery phase the TVFAs removal was not as efficient as the other I/S ratios. 

Although the TVFAs removal carried on until the end of the digestion period, the methane 

production stabilized after 13 days, thus the amount of biomethane produced after this period was 

negligible and, for this reason not represented in the graph in order to avoid distortions. 
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Figure 4.9 Recovery phase profile of different I/S ratios. 

4.4.5 Methane yield and kinetic assessment 

The methane yields fitted in the MGompertz model obtained for the different I/S ratios are 

depicted in Figure 4.10. The MGompertz model has been widely adopted for fitting methane yield 

(Liu and Sung, 2002; Shin et al., 2004; Xie et al., 2011; Boulanger et al., 2012; Pan et al., 2013; 

Wall et al., 2013; Mottet et al., 2014; Moset et al., 2015; Lü et al., 2015; Pellera and Gidarakos, 

2016; Kong et al., 2016). It allows a better understanding of the biomethane production during 

the experimental work, including the estimation of the duration of the lag phase which is directly 

associated with hydrolysis rate at the beginning of the anaerobic digestion process. 

The maximum predicted methane yield (A), obtained through the Gompertz model for all the I/S 

ratios here tested, were very similar to the cumulative methane yield obtained experimentally (B) 

(Table 4.4). For most I/S ratios, B/A was above 90% which, indicates a good fitting; with the 

greatest fitting observed for the 1:1 ratio (99.38%) and the poorest fitting for 2:1 (90.39%) (Figure 

4.10). 

The lag phase (ᾊ) of the I/S ratios here tested are shown in Table 4.4. The 3:1 and 2:1 ratio 

exhibited a very similar lag phase 4.47 and 4.48 days respectively, representing twice as much 

the time needed for this step, as compared to the 1:1 ratio (2.02 days). The lag phase is directly 

related to the hydrolysis step, and further methane production, and represents the rate on which 

the organic substrate (bigger molecules such as proteins, carbohydrate and lipids) is solubilised 

or broken down by the activity of bacterial enzymes into smaller molecules (such as sugars, amino 
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acids and glycerol) (Zhang et al., 2011). The smaller molecules then become available for the 

consumption by the acidogenic bacteria, which will further metabolize them into intermediate 

products-VFAs, which in the final step will be transformed into biomethane gas. 

Figure 4.10 Specific methane yield with the MGompertz fitting curves for the different I/S ratios. 

In this context, the prolonged lag phase observed for the higher I/S ratios is most likely derived 

from the greatest TVFAs accumulation (2.10 g 3:1 ratio compared to 0.98g for the 1:1 ratio) 

during the hydrolysis step. As previously postulated, the higher VFAs concentration for the higher 

I/S ratios at the beginning of the digestion, could have been the result of a higher bacteria 

population, which favoured a rapid solubilisation of the FW, followed by an equally fast 

transformation into VFAs by acidogenic bacteria. On the other hand, the high number of 

intermediate products caused a greater pH drop, which in turn destabilized the process through 

the negative effect on the methanogenic population, thus slowing the methane production rate and 

increasing the lag phase at the first week of digestion, when compared to the 1:1 ratio.  

These results strongly suggest that the higher inoculum concentration did not have a positive 

influence towards reducing the necessary time for the lag phase, but in turn, contribute to a kinetic 

unbalance between acetogenic and methanogenic activity during the first days of digestion. 

Table 4.4 Kinetic assessment of the mesophilic anaerobic digestion of different I/S ratios.  
Parameter/ 

I/S ratios 

Predicted methane 

yield (ml) (A) 

Experimental  

yield (ml) (B) 

ᾊ  

(lag phase) 

3:1 181.18 (3.29) 177.92 (2.93) 4.77 (0.30) 

2:1 172.57 (5.11) 156 (2.51) 4.48 (0.42) 

1:1 89.41 (0.67) 88.86 (0.82) 2.02 (0.16) 

*Results expressed as means, with standard deviations in brackets. 

Despite the improved lag phase, the final methane yield of the 1:1 I/S ratio was 50% lower than 

the 3:1 ratio, which had the highest methane yield: 177.92mlCH4/g VS added of all studied ratios. 
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When analysing different I/S ratios of FW, Kawai et al. (2014) also reported the highest methane 

yield for this ratio, compared to other tested ratios (0.5, 1, 2 and 4). Thus, the present study 

reinforces that this would be the optimum ratio when treating FW under MAD. 

Moreover, the methane yield observed here for the 1:1 ratio was similar to the one reported on 

the literature when treating FW, however with no irreversible acidification, with typical values 

bellow 100ml of CH4/gVSaddded (Neves et al., 2004; Zhou et al., 2011; Lu et al., 2012). 

The yields registered for the higher I/S ratios are in agreement with the ones reported elsewhere 

for the AD of FW under reversible acidification, which ranged from 100mlCH4/g VS to 

300mlCH4/g VS (Neves et al., 2004; Dearman and Bentham, 2007). 

The relatively low methane yields observed in the present study compared to improved values 

between 400ï500ml/ gVS added achieved, for example, by Cho et al. (1995); Heo et al. (2004); 

Izumi et al.(2010) can be attributed to the acidification process previously mentioned and 

discussed, that is found in single stage anaerobic digestion. Other authors had previously reported 

this challenging and disadvantageous aspect of treating FW under anaerobic conditions (Kim et 

al., 2006; Dearman and Bentham, 2007; Liu et al., 2009), suggesting that this process is better 

performed when acidogenic and methanogenic populations are spatially separate, in dual stage-

systems. 

The significantly difference between the final methane yields obtained here and elsewhere can be 

attributed to various aspects including: a) differences in the chemical composition of FW caused 

by differences in food cultures and habits, as well as b) methodology used when performing the 

AD process, such as the operational conditions previously mentioned (batch tests, mesophilic 

environment, I/S ratio) and amount of volatile solids used. 

Methane yield obtained for the different I/S ratio were statistically analysed. The Tukey test 

showed that there is a significantly difference between the yield obtained for the different ratios 

(Table 4.5). The Sidak test (post hoc) determines which means differ based on t-statistics, by 

adjusting the significance level for multiple comparisons. In this case, the Sidak test revealed a 

greater difference between the 2:1 and 1:1 ratios as well as between the 1:1 and 3:1 ratios, meaning 

that either 3:1 or 2:1 ratios would be preferred; since the 1:1 ratio had a lower final methane yield 

(Table 4.6).  

However, because 3:1 and 2:1 ratio also exhibited a statistically significant difference between 

them, and it is already known that 3:1 ratio yielded greater values in terms of methane production 

and final methane yield, this ratio should be used when optimizing the anaerobic digestion of FW 

under mesophilic conditions, with particle size 1mm and batch system (Appendix C). 

Table 4.5 Tukey test for the different I/S ratios. 

I/S Prob Alpha Sig 

2:1 vs. 3:1 0,02424 0,05 1 

1:1 vs. 3:1 1,15219E-5 0,05 1 

1:1 vs. 2:1 5,61449E-5 0,05 1 

  



103 

Table 4.6 Sidak test for the different I/S ratios. 

I/S Prob Alpha Sig 

2:1 vs. 3:1 0,03089 0,05 1 

1:1 vs. 3:1 1,39938E-5 0,05 1 

1:1 vs. 2:1 6,82172E-5 0,05 1 

4.4.6 Methane yield vs. inoculum/substrate ratio 

Several research works have reported the correlation between the methane yield and the amount 

of substrate versus inoculum used during the anaerobic digestion of FW. In those works, the 

processes were performed under distinct operational conditions: (batch, single-stages and two-

stages), temperatures (mesophilic, thermophilic), as well as particle sizes (Ó1mm). The results, 

including the ones from this work are depicted in Figure 4.11. 

In most cases, there was a negative relation between the increase of methane yield and increase 

of S/I ratios, suggesting that the methane yield from the anaerobic digestion of FW was inversely 

proportional to the S/I ratio and negatively affected by the decrease in inoculum concentrations 

(Neves et al., 2004; Dearman and Bentham, 2007; Liu et al., 2009).  Although in this this study 

I/S ratio was adopted rather than S/I (the values of S/I being equivalent to 0.33 (3:1) 0.5 (2:1) and 

1 (1:1)), the general findings regarding the relationship of the final methane yield with the I/S 

ratios are in consonant with the previous works, where the highest methane yield was obtained 

when higher inoculum concentration was used or lower S/I was applied (Figure 4.11). Therefore, 

0.33 S/I ratio showed improved process performance than ratio 1. 

Figure 4.11 Methane yield and S/I ratios relationship from previous and present work. Adapted from Kawai 

et al. (2014). 

Nevertheless, similar to the present study, Dearman and Bentham (2007) obtained a low methane 

yield (lower than 300mL/gVSadded) at a low S/I ratio (less than 1.0) when digesting FW. 

According to Kawai et al. (2014), the low final yield can be an indication of the system not 

achieving the entire recoverable methane yield, possibly due to intrinsic disturbances affecting 

the methanogenic population, such as acidification. 

Nonetheless, it can be said that FW requires the addition of a large concentration of 

bacteria/inoculum compared to other substrates, which reinforces the importance of carefully 
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analysing operational conditions which, are not usually taken into consideration, such as particle 

size and I/S ratios in order to optimize the process. 

4.5 Summary 

In general, the physicochemical characterization of the composite food waste sample (CFW), 

collected from the Leeds University Refectory, revealed its suitability as a potential substrate for 

MAD, with adequate amount of Volatile Solids content, Ammonia, Proteins and Carbohydrates, 

despite presenting a lower C/N ratio than the recommended threshold. 

Biomethane Potential tests (BMP tests) further performed, demonstrated that the CFW is suitable 

for methane production, although the process stability and efficiency are different under distinct 

I/S ratios. A lower I/S ratio was responsible for a much faster methane production rate, with 85.6% 

of the total methane observed for the duration of the BMP test, obtained in the first week of 

digestion. Therefore, there was a shorter technical digestion time, observed in this case (142% 

shorter than the higher I/S ratios). 

On the other hand, regardless of the I/S ratios, there was a TVFAs build-up on the 2nd and 4th day 

of digestion, which is a clear sign of kinetic unbalance between the microbial consortia: 

acetoclastic and methanogenic population, and which affected the process performance, 

especially at higher I/S ratios.  The acidification process, as a result of the TVFAs accumulation 

was nevertheless reversible, with the system being able to recover itself after the first week of 

digestion. The recovery capacity of the system decreased as the I/S ratio also decreased, meaning 

that the amount of inoculum used was a major factor determining the capacity of rescuing the 

system from a potential failure. 

The TVFAs accumulation could have been the main factor responsible for a prolonged lag phase, 

more than two-folds higher for the 3:1 and 2:1 ratios when compared with the 1:1. 

There was a direct relationship between the amount of inoculum used and methane yield, meaning 

that the higher methane yield from the anaerobic digestion of FW was obtained when higher 

amount of bacteria was used or lower S/I ratio applied. Therefore, it can be said that FW requires 

the addition of a large concentration of bacteria/ inoculum compared to other substrates, which 

reinforces the importance of carefully analysing operational conditions which are not usually 

taken into consideration, such as particle size and I/S ratios. 

Despite the shorter technical digestion time, lower TVFAs accumulation and improved lag phase, 

the 1:1 ratio exhibited the lowest methane yield, being 50% less than the 3:1 ratio. Statistical 

analysis revealed a significant difference amongst the yields of the different ratios tested (p<0.05), 

suggesting that the 3:1 ratio should be used when optimizing the anaerobic digestion of FW under 

mesophilic conditions, with particle size 1mm and batch system.
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CHAPTER 5 

5. INFLUENCE OF MICROWAVE TEMPERATURE AND POWER 

ON THE BIOMETHANATION OF FOOD WASTE UNDER 

MESOPHILIC ANAEROBIC CONDITIONS  

5.1 Introduction  

FW is an attractive feedstock for AD due to its high biodegradability and moisture content. Due 

to its complex structure and composition (fat, proteins and in some cases lignocellulosic 

materials), however, a low methane yield is typically obtained (50 - 60% of the theoretical 

maximum) (Marin et al., 2010). As widely reported in the literature, the poor methane yield can 

be a result of the limitations in the hydrolysis step when treating complex organic substrates 

and/or high-suspended solids substrates such as FW (Vavilin et al., 2008; Toreci et al., 2009; 

Izumi et al., 2010).  

The limitation on AD performance caused by the hydrolysis step can be circumvented by adopting 

feedstock pre-treatments, such as thermal ones. Wang et al. (2006), applied thermal treatment to 

FW, using a hybrid anaerobic solidïliquid system, under the following conditions: 70ºC for 2 

hours and at 150ºC for 1 hour. The authors concluded that by pre-treating the waste, the time to 

produce the same amount of methane as the control (untreated waste) could be shortened by half. 

Schieder et al. (2000) used conventional heating with temperatures between 160 - 200ºC, 

pressures up to 4MPa and residence time of up to 60 minutes to treat FW from a restaurant. As a 

result, biogas production rate was improved by 62%, hence shortening the AD duration. Both 

changes were attributed to faster hydrolysis.  

On the other hand, when certain materials are exposed to microwave irradiation, dipole rotation, 

leads to the breaking of weak hydrogen bonds. This mechanism together with the heating, has the 

potential to make complex organic molecules unfold and become smaller, thus promoting organic 

matter solubilisation. The latter increases the AD hydrolysis rate of the organic matter by making 

it more readily biodegradable for the microorganisms. MW irradiation therefore is a promising 

pre-treatment for organic solid wastes, including FW (Loupy 2002, Shahriari, 2011). 

In this chapter the effects of different microwave operating conditions (namely temperature and 

power) on FW characteristics and overall MAD process performance (including solubilisation, 

biodegradability and methane yield) are investigated. 

5.2 Results and discussion 

The composite FW was microwaved using different operational conditions as described in Section 

3.6.1 (Chapter 3) to determine the effects of this thermal pre-treatment on pH, soluble and total 

chemical oxygen demand (TCOD and SCOD), ammonium, Total Kjeldahl Nitrogen (TKN), 

TVFAs and solids. The effects of microwave irradiation on composite FW characteristics are 

shown in Table 5.1, with results expressed as means with the corresponding standard deviation in 

brackets.  
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5.2.1 Effects of microwave irradiation on food waste characterization 

5.2.1.1 pH 

Most of the samples exhibited a drop in pH as a result of microwave pre-treatment. The medium 

heating rate (3.9°C/min) was the only condition for which all the final temperature samples had a 

lower pH than the control/untreated sample. The largest pH decrease, and hence the lowest pH 

value from all tested conditions (final temperatures and ramp rates), occurred for 85°C and 

7.8ramp. 

A decrease in pH was also observed by Marin et al. (2010) when treating the whole fraction of 

kitchen waste with microwave irradiation. Similar to the present study the authors tested different 

heating rates (1.9, 3.9 and 7.8°C/min). Their study, however, was limited to a single final 

temperature of 175°C. The result was a greater decrease in pH for the slow heating rate (1.9 ramp) 

with respect to the control, suggesting that higher temperatures and slower heating rates (longer 

exposure to MW irradiation) caused greater acidity. The pH (3.9) for 175°C 3.9°C/min reported 

by Marin et al. (2010) is close to that obtained here. 

Shahriari et al. (2011) also reported a pH decrease after exposing the organic fraction of municipal 

solid waste (OFMSW) to microwave irradiation at the following conditions: 20, 40 and 60 min 

which correspond to fast, medium and slow heating rates, in a similar temperature range to this 

study (115 - 175°C). Similarly, the highest pH decrease occurred at 175°C for all heating rates 

with final pH values of: 3.86 (at 20 min) 4.05 (at 40 min) and 3.89 (at 60 min). In contrast to the 

existing work cited above, the pH decreases in this study had no straight correlation with ramp 

rate/exposure time to MW irradiation or final temperature. 

The decrease in pH values could be a result of the characteristics of the FW sample and different 

proportions of its components resulting in the formation of distinct soluble compounds such as 

phenols (which have higher acidities), this especially so at higher temperatures (>145°C).  

Marin et al. (2010) attributed the observed pH decrease to partial lignin/hemicellulose oxidation 

and the release of its different components into the liquid fraction. This could explain the pH 

decrease observed in the current study, since part of composite FW components were vegetables 

and fruits (tomato, chickpeas, cucumber, green peas, mushroom, carrot, fried and cooked 

potatoes, potatoes peels, rocket leaves, onions, broccoli, green beans, corn, red pepper and okra). 

All of these components have lignin as well as hemicellulose as a major constituent of their cell 

wall.  

5.2.1.2 Solubilisation of organic matter 

As a result of FW pre-treatment with MW irradiation there was an increase on the Total Chemical 

Oxygen Demand (TCOD) observed for all the conditions studied. The most significant increase 

(39.57%) occurred at the higher temperature of 175°C and slower heating rates, suggesting that 

longer exposures to MW irradiation together with higher temperatures are better for the 

solubilisation of organic matter (Table 5.1). 
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The increase in the TCOD (apparent for all test conditions) suggest that the exposure of FW to 

microwave irradiation causes the solubilisation of recalcitrant compounds in the solution. 

According to Danso-Boateng et al. (2015), thermal treatments are effective in solubilising organic 

matter from the substrate, and in some cases, recalcitrant compounds. 

However, a more plausible explanation for the observed TCOD increase is the change in moisture 

content of the FW samples after microwave irradiation. Normally, TCOD should not suffer 

changes during the pre-treatment step, unless there is a loss in the sample´s moisture content 

(Eskicioglu et al., 2007). In this study, most of the parameters were reported in wet basis (w.b%) 

and supplementary data such as volatile solids, ammonia and TKN demonstrates a general 

decrease in these values (specially at slow heating rate and higher temperatures) in relation to 

control ones, hence corroborating this hypothesis (Table 5.1). 

The increase of TCOD content after thermal treatment was also reported by Marin et al. (2010), 

for example, reported an increase in TCOD content after treating kitchen waste at 175°C with 

similar heating rates to this study. A 7.62% increase was reported for the medium heating rate 

and a 12.42% increase was reported for the slow heating rate. 

The soluble chemical oxygen demand (SCOD) also increased with respect to the control for all 

the conditions studied. Microwave treatment at 85°C, at fast, medium and slow MW intensities, 

resulted in SCDO increase equivalent to a 3, 16.45 and 18.48%, respectively. These results 

contrast with the ones presented by Shahriari (2011), which shows no significant increase in 

SCOD content for 85°C for any of the applied heating rates (20, 40 and 60 min) resulting in a 

statement that microwave treatment was ineffective in terms of organic matter solubilization for 

these conditions. The different results between the studies could be explained by the different 

hold times (5 min, compared to 1 min) which would suggest a dominating influence of this 

parameter on the solubilisation of organic matter. 

For a temperature of 115°C, there was a 11.91, 22.53 and 26.48% increase in SCOD (with respect 

to the control) for fast, medium and slow heating rates, respectively. Shahriari (2011) in turn, 

obtained 11.95, 13.04 and 20.65% increases for fast, medium and slow heating rates with 20% 

moisture content and, 16.90, 22.53 and 28.16% for fast, medium and slow ramps with 30% 

moisture content.  

For FW samples treated at 145°C, there was a 21.27, 53.57 and 59.87% increase in SCOD for 

fast, medium, and slow heating rates, respectively in relation to the control. Again, these were 

greater than the ones reported by Shahriari (2011): 14.13, 9.78 and 33.69% for the respective 

heating rates at 20% moisture content. Nonetheless, by utilizing a higher moisture content of 30%, 

the author was able to produce better results with 42.25, 54.92 and 54.90%. Lastly, for the 175°C 

treatment temperature, there was a 37.28% increase for the fast-heating rate, 68.46% for the 

medium heating rate and a 73.19% at slow heating rate.  
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Table 5.1 Composite Food Waste characteristics before and after microwave irradiation* 
Heating 

rate 

(°C/min) 

Parameter/ 

Temperature 

Samples 

(n) 

Control 

(untreated) 
85°C 115°C 145°C 175°C 

7
.8

 r
a

m
p

  

(F
a

s
t)
 

pH 3 4.20 (0.01) 
3.36 

(0.01) 

4.41 

(0.02) 

4.75 

(0.06) 

4.45 

(0.09) 

TCOD (g/kg) 3 327.43 (22.13) 
402.62 

(26.50)  

406.16 

(22.00) 

409.41 

(22.14) 

413.08 

(20.85) 

SCOD (g/kg) 3 228.3 (21.00) 
235.20 

(13.67) 

255.50 

(16.40) 

276.86 

(24.40) 

313.43 

(29.60) 

Ammonium (g/kg) 6 13.30 (0.40) 
13.30 

(0.35) 

21.52 

(0.57) 

23.90 

(0.67) 

24.50 

(0.78) 

TKN (g/kg) 3 16.44 (0.48) 
16.45 

(0.50) 

22.57 

(0.60) 

25.02 

(0.87) 

25.63 

(1.18) 

TVFAs (mg/L) 3 785.49(3.85) 
2381.00 

(64.48) 

2908.63 

(67.0) 

3018.00 

(73.57) 

3088.16 

(113.31) 

VS (w.b) (g/kg) 3 296.00 (4.05) 
239.25 

(2.38) 

265.12 

(2.46) 

262.25 

(2.95) 

249.62 

(2.55) 

VS/TS (%) 3 92.91 (0.55) 
81.45 

(0.35) 

91.18 

(0.45) 

91.50 

(0.47) 

83.90 

(0.38) 

3
.9

 r
a

m
p 

(M
e
d

iu
m

) 

pH 3 4.20 (0.01) 
3.86 

(0.02) 

3.83 

(0.04) 

3.95 

(0.02) 

3.98 

(0.02) 

TCOD (g/kg) 3 327.43 (22.13) 
418.08 

(25.50) 

427.00 

(24.00) 

438.00 

(29.00) 

448.00 

(36.25) 

SCOD (g/kg) 3 228.3 (21.00) 
265.87 

(20.72) 

279.75 

(20.00) 

350. 62 

(18.50) 

384.60 

(25.00) 

Ammonium (g/kg) 6 13.30 (0.94) 
0.34 

(0.01) 

0.47 

(0.02) 

0.78 

(0.01) 

1.00 

(0.02) 

TKN (g/kg) 3 16.44 (0.48) 
12.39 

(0.32) 

11.65 

(0.27) 

12.03 

(0.30) 

11.00 

(0.25) 

TVFAs (mg/L) 3 785.49 (3.85) 
4887.34 

(135.50) 

5111.36 

(158.10) 

3967.50 

(114.30) 

3987.65 

(124.40) 

VS (w.b) (g/kg) 3 296.00 (4.05) 
256.25 

(2.70) 

276.50 

(2.92) 

285.10 

(3.10) 

262.50 

(2.38) 

VS/TS (%) 3 92.91 (0.55) 
91.03 

(0.40) 

91.94 

(0.49) 

91.97 

(0.51) 

91.10 

(0.45) 

1
.9

 r
a

m
p 

(S
lo

w
) 

pH 3 4.20 (0.01) 
4. 36 

(0.04) 

4.01 

(0.05) 

4.67 

(0.05) 

4.02 

(0.06) 

TCOD (g/kg) 3 327.43 (22.13) 
420.42 

(16.80) 

436.17 

(18.92) 

445.00 

(22.00) 

457.00 

(25.00) 

SCOD (g/kg) 3 228.3 (21.00) 
270.50 

(13.40) 

288.66 

(15.00) 

365.00 

(16.79) 

395.40 

(21.00) 

Ammonium (g/kg) 6 13.3 (0.94) 
0.15 

(0.01) 

0.16 

(0.01) 

0.75 

(0.02) 

1.69 

(0.03) 

TKN (g/kg) 3 16.44 (0.48) 
9.14 

(0.25) 

8.79 

(0.17) 

9.84 

(0.31) 

8.71 

(0.15) 

TVFAs (mg/L) 3 785.49 (3.85) 
2263.25 

(64.00) 

1265.81 

(49.00) 

3132.42 

(92.00) 

3286.49 

(95.00) 

VS (w.b) (g/kg) 3 296.0 (4.05) 
247.37 

(3.79) 

238.30 

(2.60) 

223.40 

(2.10) 

220.10  

(2.05) 

VS/TS (%) 3 92.91 (0.55) 
84.50 

(0.47) 

83.00 

(0.42) 

82.70 

(0.38) 

81.00 

(0.26) 

* Mean values are reported with standard deviation in brackets. 

The results from this study are in agreement with other KW studies, which have reported a 

significant increase in sample solubilization as pre-treatment conditions became more severe 

(Sawayama et al., 1997; Penaud et al., 1999; Lissens et al., 2004; López Torres and Espinosa 

Lloréns, 2008). Marin et al. (2010) obtained 54.71, 32.70 and 45.91% increases in SCOD content 

after treating the solid fraction of kitchen waste using a final temperature of 175°C and 7.8, 3.9 

and 1.9°C/min heating rates, respectively. Shahriari (2011) also reported 175°C as being the 

optimum temperature for increasing organic matter content, compared to 115 and 145°C.  
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Due to an increase in both TCOD and SCOD content for all treated samples, a more accurate 

degree of organic matter solubilization should be evaluated based on the following: a) 

SCOD/TCOD content, as well as the (SCOD) produced via microwave thermal treatment 

expressed as a function of the total chemical oxygen demand (TCOD) - or hydrolysis degree (%) 

(López Torres and Espinosa Lloréns, 2008). The solubilisation profile of the FW samples treated 

at different final temperatures and heating rates is shown in Table 5.2. 

Table 5.2 Solubilisation profile of food waste after microwave pre-treatment under different operational 

conditions. *  

Condition  

/Parameter  

Microwave 

Exposure Time 

(min) 

Total COD 

CODt  

(g/kg-1) 

Soluble COD 

CODs 

(g/kg-1) 

SCOD/TCOD 

Suspended COD 

(SuspCOD) 

(g/kg-1) 

Control  

(untreated) 
- 

327.43 

(22.13) 

228.30 

(21.00) 
69.72 99.13 

 Microwaved FW Whole Fraction 

 7.8 ramp (Fast) 

85 °C 16 
402.62 

(26.50) 

235.20 

(13.67) 
58.00 167.43 

115°C 20 
406.16  

(22.00) 

255.50 

(16.41) 
62.00 150.66 

145°C 24 
409.41 

(22.14) 

276.86 

(24.45) 
67.60 132.55 

175°C 27 
413.08  

(20.85) 

313.43 

(29.60) 
75.80 99.65 

 3.9 ramp (Medium) 

85 °C 27 
418.08 

(25.50) 

265.87 

(20.72) 
63.59 152.21 

115°C 35 
427.00 

(24.00) 

279.75 

(20.00) 
65.51 147.25 

145°C 43 
438.00 

(29.00) 

350. 62 

(18.50) 
80.00 87.38 

175 °C 50 
448.00 

(36.25) 

384.60 

(25.00) 
85.80 63.40 

 1.9 ramp (Slow) 

85 °C 50 
420.42 

(16.81) 

270.50 

(13.43) 
64.30 149.92 

115°C 66 
436.17 

(18.92) 

288.66 

(15.00) 
66.10 147.51 

145°C 82 
445.00 

(22.00) 

365.00 

(16.79) 
82.00 80.00 

175°C 97 
457.00 

(25.00) 

395.40 

(21.00) 
86.50 61.60 

*The results are expressed as means with the standard deviation in brackets. 

There were only a few microwave treatment conditions for which an improvement in the amount 

of soluble organic matter (SCOD/TCOD) in relation to the control was observed. For the fast-

heating rate, the only favourable scenario for SCOD/COD improvement was at 175°C, with an 

8.26% increase in relation to the control. For the medium heating rate, there was an improvement 

at both 145 and 175°C, with a 14.74 and 23.06% increase compared to the untreated FW sample. 

Similarly, for the slow heating rate, 145 and 175°C were the best temperatures to increase 

SCOD/TCOD with a 17.61 and 24.1% improvement in relation to the control, respectively (Figure 

5.1). 



110 

 
Figure 5.1 SCOD, Suspended COD and hydrolysis percentage as function of final temperature and ramp 

rate of MW treatment food waste. 

The degree of solubilisation or hydrolysis varied significantly for the different temperatures and 

ramp rates tested here but with a general improvement in relation to the control. Moreover, a 

direct relationship between the final applied temperature and MW exposure time/ramp rate with 

the percentage of organic matter solubilization was obtained. For a fast-heating rate and lower 

temperature (85°C) there was only a slight increase (2%) in the organic matter content of FW. In 

this case, the suspended organic matter (SuspCOD) was the highest for all treatment conditions, 

suggesting that in this case, the pre-treatment microwave was not as effective in promoting 

breakage and solubilization of organic molecules. 

Regardless of the ramp applied, 175°C was the optimum final temperature for hydrolysis 

improvement. At the fast ramp rate (7.8ramp) a 26% increase in the organic content was observed 

compared to 47.7% and 51.03% for the medium and slow heating rates respectively.  

Due to increased hydrolysis for 175°C and all ramp rates, the suspended COD concentration 

showed a progressive reduction as the exposure time to microwave irradiation increased (3.9 and 

1.9 ramps). The greatest suspended COD decrease was for 1.9 ramp, representing a 55% reduction 

in relation to the control. Additionally, as stated by Eskicioglu et al. (2006) and Toreci et al. 

(2010), the degree of pre-treatment can influence the distribution of mass fractions of various 

sizes for both the soluble and suspended components, ultimately affecting AD performance. As 

exemplified and validated by both works, an increase in the colloidal component of TWAS in the 

form of suspended solids after MW pre-treatment, improved the rate of biodegradation, and 

methanogenesis. 

Figure 5.2a summarises the results related to effect of the microwave operating conditions on the 

SCOD concentrations from FW. Higher temperatures (145 and 175°C) and lower ramp rates of 




























































































































































































































































































































































































