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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 leachRiesovery ®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 digesfoduced, increasingly used for soil
amendment. Strict land regulations, land shortages and rising disposal costs (including gate fees)
requires digestate management to bé¢homight. This study addresses strategies to optimise
biomethane production fmo FW under mesophilic anaerobic conditions (MAD).

The first strategy identifies the best combination of particle size and ino¢algubstrate ratio

(I/S) for biomethane production without nutrient supplementation. An I/S ratio of 3 combined
with a 1 mm purticle 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 dfgaeng the FW with microwave (MW)
irradiation. Improved hydrolysis rate,deced T80 and higher methane yields are obtained when
compared with untreated samples. Optimum MW heating parameters (final temperature 85°C,
heating rate 7.8eC/ min) are identified from
rates. A higher ihal 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 imengitid
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 -@in@ilating MW pretreated 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 fligestate 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 rat e o fawfbod8agsie digasted alone, respectively. r e | a

Combining AD with MW pretreatment 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 digtate managemerithere 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.INTRODUCTION
1.1 Justification

Recent population growth together with increasing urbanization has led to increased generation
of organic waste includiniylunicipal Solid Waste (MSW). As of 2011, the world generated an
estimated two billion tonnes of MS\{Amoo and Fagbenle, 2013} is predicted that, globally,
approximately 2.8.0° tonnes ofFoodWaste (FW) will begenerated by 202Karthikeyanetal.,
2018) According to the Intergovernmental Panel on Climate Ché/RgsC, 2006) MSW (which
excludes industrial waste) comprises plastietal, glass, textile, wood, rubber, leather, paper,
food and othersFW is a mixture of organic materials that can originate from the processing,
sorting, cooking, preparation and handling of foadd makes dominant contribution to MSW
(251 70%) (Ariunbaataret al, 2015) From the momentood is produced, to its paaging,
distribution and st@ge it requires the use @f range oenvironmental resources such as water,
land, fertilizer, fuelandenergy It also requiresiuman labour and capital. Most of these stages
emit Greenhous&aseg GHG) therebycontributing toclimate changéXu et al,, 2015)

According to theWaste Resources Action Program(éRAP, 2020) the annuaFW arising

within UK households, hospitality and food service (HaFS), food manufacture, retail and
wholesale sectors in 2018 was around 9.5 million tomegsesenting 5% increase in relation

to 2012.0f this total] 70% was classified as avoidable waatd 30%(t h e ¢ ifracdod) b | e
was classified as unavoidablgaste This represented a financial drain of £19 billiand was
responsible for the emission of more than 25 million tonnes of GMEAP, 2020).

FW managemeris a challenging task due itsghi moisture content angropensity to decay
rapidy under ambient conditions. Conventional disposal methods sutdnddling are not
desirabledue to (a) methaneemissionsa gas 20 25 times more powerfuh its greenhouse
effectthan CQ, (b) soil and groundwater pollutior{c) undesirabléeachates, angl) utilization
of largeareasf land(Zhang and Jahng, 2012)

In Europe,the European Landfill Directive is one of thegislationsapplied for solid waste
managementAccording tothe Department for Environment, Food and Rural AffaDEFRA
(2015) the WK & Biodegradable fraction of the municipal wasBMW) sent to landfill has
reducednonotonically over the past years.2013 BMW sent to landfillwas 9.2 million tonnes
and in 2010 it wa43 million tonnes. Tl 2013 figuragepresents 26% of the 1995skéine value,
which comfortably met the 2013 EU targethfch wasset asno greater than 50% of the 1995
baseline). However, there is a further EU target to resiiegiroportion oBMW going tolandfill

to 10% by 2035

Nevertheless,Landfill (European Parliament and Council, 2018&) Waste Framework
(European Parliament ar@ouncil, 2018b) and Packaging Wasi{&uropean Parliament and



Council, 2018cpirectives were amended in 2018 to include new targetatiuwhsbeyond 2020
as follows:

9 targets for reuse and recycling of municipal wastbeat least 55% by 2025,
60% by 2030 and 65% by 2035;

9 targetdor recycling of packaging waste beat leas 65% by 31 December 2025
and 70% by 31 December 2030;

1 a target to reduc¢he proportionof municipal wastegoing to landfill to a
maximum of 10% by 2035;

1 aban on landfilling of waste suitable for recycling effective from 2030;

1 mandatory separate collemti of bicwaste by 31 December 2023 and of textiles
and hazardous waste from households by 1 January 2025;

T minimum requirements for all extended producer responsibility schemes;

1 simplified and improved definitions and harmonised calculation methods for
regycling rates throughout the EU

Despite Brexit, the United KingdoiftyK) hasalready adopted EU legislation into UK law and
currently the same targets remain for the. @Kntinuing effort willthereforebe needed to divert
BMW fraction fromthe landfill disposal route assuming the UK own regulatory targets in this
area do not diverge significantisom those of the EU in the coming years (House of Commons,
2016).

As well asareductionin the amount of biodegradable waste going to landfill, thego¥®ernment
committed toachieving 0% reduction ilGHG emissioaby 2050 (BERRandDEFRA, 2003).

Over the coming years, the UK must overcome the energy gap resulting from the closure of coal
and nuclear power plants, which2006 represented 30% of the electricity supfliggh,2006).

It will also have to findways of mitigatingthe fact thatthe fraction of energy consumption
represented bgas is rising (from 32% in 2009 to an expected 50% in 2@2@)that by 2020 up

to 90% of the UK gas requirements will rely on imports from the Soviet UNorth Africaand
theMiddle East triantp (Remmeet al., 2008)

In this context,FW need to be avoided, reduced or recovered. If recoveitedeeds to be
processed and recycled with a view to developing a sustainable circulangogtarthikeyan

et al, 2018) Moreover, i large amounts of organic waste are to be diverted from landfill,
sustainable strategidsr treating this waste and recoveringluable products including energy
from it mustbe investigatedThe shift towards sustainable energy systems offers a promising
solution to reduce envirnmnental pollution and provide an alternativel supply(Ramanathaet

al., 2016; Elsayeet al, 2019) In this respectit has been said th&W management canake

an importantontribution(Lee and Willis, 2010Q)



Recovery of energy and valuable compounds from organic wastes, indiMilirignow common
throughout EuropeThe mostestablishedechnologyfor bioenergy productioris Anaerobic
Digestion (AD). This isa microbiologically mediated process during whiclgamic 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)(Kydrogen(H;) and lydrogen sulphide (+6) are also formed
(Pindet al, 2003; Zhwet al, 2009; Madseet al, 2011) Thisis a promising approach due to its
capacityto treat and stabileorganic matter, as well as producing renewable energy in the form

of biomethane Rullen 2015) It hastherefore,been regarded as an attractive option Fav
managementVeeken and Hamelers, 1999)

AD of FW isa complex process. FW is converted into biogabiomethandyy 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 propdditmbiogas

yield under weHoperated conditionéhalid et al, 2011; Karthikeyan and Visvanathan, 2013)

AD in the Unied Kingdom is already well establishétew reactor planthave beeinstalled in

the UK since 2012atan averageate of25 to 30 reactors/ye@WRAP, 20B). In 2019, there were

a total of611AD treatment plants, most of them operating @ommercial scale and processing
different type of material includingFW, manure, slurries, crop sielues and purposgrown

crops of this total, 111 treat agriculturalasteandFW (WRAP, 2@®0). An increase in the number

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

On the other hand, the UKOGsSs recent regul atio
and crops has become stricter. Digestate originating from mixed waste materials is now limited
to usein land restoration projects only (WRAP, &)1 Additionally, an increased digestate
volume will require a substantial area of land to provide a secure and suitable market for this
product (WRAP, 203). Not all available land, however, is suitable foreditate 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 éhcrop cycle and c) land already being saturated with
phosphorus and nitratéSharpley, 2016; WRAP, 2016)

With increasing amounts of digestate being produced, the costs associated vaitisjtsrtation

and spreading has becomelellengefor 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 applicatiorDigestate waghereforea profitable business at that time. However, since
1996, the price of digestate has decreased to between £0 and £1@ftclmaéng delivery and
spreading cosjdn 2015. Therefore, the value of digestate to the produassvisiow, and in

some casemay e negativ(WRAP, 2009 Horanet al, 2015). With third party contractors
willing to take the material away for around £10 per cubic mat&Q kt AD plantcould incur
digestate disposal costs in excess of £250,000 a year (LewensHa04ddet al, 2015). At the



same time, relying solely on the agricultural route for the digestate, leaves the AD industry
exposed to a significant riskinae capitatintensive enhancement methods do fasour 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 valorisatiMost of them involve dewatering the digestate
resulting infibre and liquor This has the advantage of reducing the initial volume of digestate for
subsequent storage and -siffe transportation, as well as expanding its potential markets.
However, dewtering represents a substantial investrildgh capital costsand typically comes

alsowith high maintenance cogiisloran, 2012)

Several strategies to recover vaftom digestate are availableae the digestate is separated into
liquor and fibre(also known as digestate cak€he most common techniques for enhancing the
fibre are enzymatic hydrolysis, composting, alkaline stabilization land applic#&tlbrihese
techniques aravailable in the United KingdonMost of these processes are used for converting
the cake into a soil improver or act as a pathogen killing mechaaiginone of them results in
energy recovergr elimination of the digestat&n exceptioris the enzymatithermalhydrolysis
process, which reduces the volume of solid digestate by converting it intdiguixicthat can be
used to produce bifuels (WRAP, 20B).

Recovery of energy from the fibre is possible, through procesmiikgeratian, gasificaton and
pyrolysis However to take advantage of thianadditionaldrying step would have to be added
to the system, implying more investment, and the-beskfit analysis may not always be
positive. In the case of fodohsed digestate, thiewatering process can be even more complex.
The surface charge properties of fammked digestates make it challenging to dewater using
standard approaches. While dewatering of fbaded digestates has proven posdiplselection

of the correct polymempolymer dose and dosing conditions remagonomically challenging
(Horanet al, 2015).

With respect to the liquid fraction of digestadeyerahutrient recovery processes can be adopted
to produce refined end products (i.e., concentratettients and purified waterncluding
biological oxidation (i.e. Algal pond/ Photo Bio reactor) in which the liquor is used as a feedstock
for algae growth, and ammonia stripjrand evaporatiofPeng and Pivato, 2017Jhe liquid
fraction of digestate from OFMSW arkV canrot be directly used for agricultural purposes
without further teatmentfollowing Article 6 of the EU Waste Framework Directive EEC, 2000
(Malamiset al, 2016) Thisis because F\Was a complex waste (with broad origin, composition,
etc) makes thejuality of its digestatandinput materialglifficult to stablish,hencelimiting its
applicationanduse(Saveyn and Eder, 2014)

Itis necessaryhereforeto study alternative approaches for digestate memagt and utilization
optionswhen considering AD as an option for FW processing akatigation intobiomethane
(Wellingeret al, 2013 Neumanret al, 2016)



When treating FWlow methane yieldare obtaine@G0- 60% of the theoretical maximum value).
This is related to the complex structure and composition of its components (lignocellulosic
materials, fats and protei); which make hydrolysis the limiting step for anaerobic processing
(Marin et al, 2010) This limitation can be circumvented by adopting differéagdstock pre
treatments. Mermal processg, with or without mechanical preeatment €.g, grinding) has
beenshownto achieve significantly highanethane CH.) yields andit is thus considered by
many to be the most reliable pireatment option for FWb enhance biomethane production in
AD reactorgdNaranet al, 2016)

Microwave irradiation (MW) orRadio Frequency (RF) heating,particularform of thermal
treatment, takes place in nonconductive materials at frequencies between 3 aG#iZ300
Microwaves (MWSs) belong tthat partof the electromagnetic spectrum with wavelengths from

1 mm to 1m with corresponding frequencies beeme300MHz and 300GHz and constitute a
subsefound at the highdirequencyend of the radi@pectrum. The electromagnetic spectrum is
not used only (or even primarily) for heating, but also for cellular phones, radar, and satellite
communications (includg satellite TV). Nevertheless, the Federal Communications
Commission (FCC) for industrial, scientific, and medical (ISM) purposes reserves two common
frequeny bandsfor RF andMW heating centredn 0.915and 2.45GHz (Laufet al., 2013).

Although the main use of microwathieatingover the past 40 yeahnas beeto serve as a kitchen
cooking applianceespecially in western countries, napplicationshave recentlhyarisen Its
application in the processing of materialsd, more specificall the pretreatment for organic
wastessuch as sludgeyrerelatively new developmes{Thostenson and Chou, 1998ue to its

high moisturecontentand suspended organic solids content, FW (and its variations, including
Kitchen Waste KW), fruit and v@etables wastes, etc.) also seemisaauitable candidatdor

MW irradiation pretreatment.

Overall, MW irradiationhas proven to beffective in solubilising organic matter, improving
biodegradabity and the production of biogas and biomethane from both FW and gQampet
al., 2008; Torecet al, 2009; Mariret al, 2010; Zhangt al, 2016)

Like sewage sludge, digestate is as an end product of a biological trepioezgsand has
similar properties such a incomplete mineralization stage (2@0%) at the eth of the AD
(Park and Ahn, 2011)it still, thereforehasorganic natter available post AD for microbial
actuation and degradatiddeveral prareatment methods to enhance methane recovery from this
substrate hae been tested, including mechanical, thermal and chemical treat(iMamardoet

al., 2011, Biswaet al, 2012; Lindneket al., 2015) However, moshavenotbeenwidely adopted

due tolimitations related to higlenergy requirements. hemicaifree and environmeally
friendly pretreatment method ithereforedesiredand MW irradiationhas been identified as
possible candidatg.iu et al, 2019)



Microwave irradiation of digestate has not yet be@tely testedadopted despite averal studies
which havedemonstrateits efficacyin improving solubilisatiorof organic matterVS removal
and biogagproduction in the context of sewage slugigecessingKaparaju and Rintala, 2005;
Menardoet al, 2011; Biswast al, 2012; Lindneret al, 2015) A further optionfor digestate
management is to 1&@rculate tke material into AD after it has been pmeated This particular
strategy is not new and tlowerall effects of digestate-gérculationhave been reported to be
positive varying from enhanced VS removal to methane ywadertheless, no previous work on
the recirculation of pretreated digestate on the AD of FW was found at the time of canduct
this study.

In this researclproject, microwaverradiation use isconsiderechot only a suitable option to
effectively pretreat FW and digestatéut it can also be an important tool for the recovery of
energy (biomethane) and nutrient recyclingrirthese underutilized substrates whenipled
with AD.

1.2 Aim, objectivesand scope

1.2.1Aim and objectives

The aim of this project is to explosadternative path$or the enhancement of energy recovery
from FW via anaerobic digestidoy integration with microwave irradiatiggre-treatment oFW

and digestateThe cascaded processes intended to eliminate the environmental imp@dts of
discarded in landfills and transform digestate flpost to a revenue cemtin that context, this
project comprises a series of experimental work using food waste generatedefddtury of

the University of Leeds to determine the most suitable process conditions that allow the
integration of microwave preatment to enhae biomethane productidrom AD reacdors.

The overall aim was achieved by the following objectives:

Objective 1: To evaluate thdull potentialof FW as a feedstock for anaerobic digestimn
assessing its anaerohbidodegradability(Biomethane Potential BMP) with and without
balancingessential nutrients (Carbon, Nitrogen and Phosphoamashy optimizing BMP test
conditions particlesize, inoculun'substratél/S) ratio).

Objective 2: To evaluate thempact ofMW irradiationprocess conditionsfifhal temperature
and heating ratpower) on the characteristicof MW FW andits potential for biomethane
productionunderMesophilic Anaerobic DigestioMAD) conditions.

Objective 3: To evaluatehe impactsof MW processconditions {inal temperatureand set
heating rate/power condition®n the characteristics dflW treated digestatefrom FW
processingand the potential for digegierecycling into MAD reactors processing raw FW to
enhancéiomethangroduction.

Objective 4: To assesthetechnicalfeasibility of integrating MW préreatment and AD for
selected scenariggocessing FWral digestatethrough mass and energy balandesed on
the results obtaineddm experimental analyses.



1.2.2Scope

The integration processconceptwas developed andestedusing lab-scale Anaerobic Batch
reactorsthat provided suitable data for conducting mass and energy balances to model process
conditions ando predict bianethane yield

1.3 Thesisstructure

The thess is organized ininechapters with thentroduction section comprisirtge first chapter
which summarisetheresearch problem andggm and presents tlaém, objectives and scope of
the study

Chapter 2 provides thationale forthe study. It includes thoroughliterature review of th&wW
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 an@stablishedechnology for energy
recovery and waste stabilization) are also discussed, focusing on the current waste to land
limitations. The technological approaches developed to tieasubdrate 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 cascadege® with AD presented. The novel aspect of MW
irradiation on digestate management is also highlighted.

Chapter 3 describes timeaterial and methods used. An overall description can be found at the
beginning of the chapter (e.§W collection, characterizmn, digestate characterization and
BMP tests), followed by a detailed explanation of each experimental.phase

In chapters 4 to 7, the resultasing fromeach stage of &hprojectare reported and discussed
These chapters have been written in a p&penat and, thereforeontainappropriate sections
including introduction, results, discussions andhmary

Ch a pt &haracterizatiin oFW and its potential s as a feedstock for methane (CH
production via mesophilic anaerobic digeson i s Olgelctiaet 1e ahd focasses on the
effect of nutrient supplementation, particle size and inoculum to substrate ratio (I/S) on the
biomethanation of W. The overall suitability of the source of FW used as a substrate for the AD
experiments isaddressed. Theesultsfor optimum particle size and I/S ratio amsed as a
referencdor the further research objectivédaterial in Chapter 4 draws form and/or has been
presented in the following abstracts and publications. Turnell, Suruagy.@drwago-Valero,

M. A. Alternative route to digestate stabilization and recovering residual value from food
waste presentedat AD Network - Early Career Researcher Eve(dral presentation),
Birmingham United Kingdom, 2016.0koro-Shekwaga, C. K., Suruagy, MRoss, A. B. and
CamargeValero, M. A. Particle size, inoculumto-substrate ratio and nutrient media effects

on biomethane yield from food wastepublished inRenewable Energyol. 151, pages 311
321.DOI: 10.1016/j.renene.2019.11.028



Ch a p t lmfluenée:of microwave temperature and power on the biomethanation of food waste
undermesophilic anaer obi Objedaive 12 dndtdiscosses mow fthe dinals e s
temperature and heating rates/power chatinge 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 conditionsstdlishedin 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
conferenes:

M. V. T. Suruagy, AB. Ross and MA. CamargeValero.Influence of microwave irradiation
pre-treatment on the biodegradability of food waste under mesophilic anaerobic conditions
In X1l Taller Y Simposio Latinoamericano de Digesti@naerobica, Medellin, Colombia. 2018.

M.V.T. SuruagyA.B. Ross and MA. CamargeValero.Influence of microwave pretreatment

on the biomethanation of food waste under mesophilic anaerobic conditiorBublished in the
event proceeding®\nais do 10? Féruriternacional de Residuos Sdélidos, Jodo Pessoa, Paraiba,
Brazil. 2019. ISSN: 252-2725.

Chapter 61influence of microwave irradiation on the biomethanation of the soluble fraction of
food waste under mesophilic anaerobic conditionsa | s o Q@bjeative 8. Jliseclsapter was
added #er performing BMP tes on the microwave pygrocessed food waste under various
temperatures and heating ratétsincludes a detailed analysis ahe biomethane potential
originating from the solublé&action of microwavedamplegprocessed 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 s highlighted, with emphasis on thesultingmethane yield

Chapter 7:Effects of the recirculation of microwave préreated digestate on the mesophilic
anaerobic digestion of food waste a d d Obgestige sind presents the results of BMP tests
perfamed fordifferent volumes oMW pre-treateddigestate together with raw foegaste. This
constitutes a novelpproach foia co-digestionprocessusing FW and digestat@he effects of
MW process conditions n  t h e sthampaesidtics are discussas well as its influence on
BMP test performance.The process performance improvement, including VFAs behaviour,
biodegradability, technical digestion time and process kinetics, is discusskdain These
resultsare compared both to each other and to the previousdpstsed in Chager5 and Chapter

6. The energy recovery of the-ofrculated digestateelativeto raw food waste digested alose
addressedh this chapterThis, together with the final methanyield is evidence that the eo
digestion othis substrate is capable of producing more biomethane than the digesaarfadd
waste alone. At the eraf the chapter, a statistical relationsbgtween methane yield obtained
from the coedigestion proessand the previously tested conditions with high methane yields is
established, and the optimum condition for energy recovery, identified.



Chapter 8: i Nalacestudy riod theeéntegratiangf microwave irradiation and
anaerobic @estionof food waste and digestate i s to @bjectiveetdotal and Volatile

Solids removal, together with Total aBdlubleChemicalOxygenDemandremoval constitutes

the mass balance analysis of the scenarios tested. The energy balance is shown from gyNet Ener
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 generdtmm FW and digestat®n an
industrial scale.

Chapter 9General discussions, discusses the main findings regarding the use of microwaved FW
and microwaveddigestate on the mesophilianaerobic digestionon batch tests and its
implications when applied to a largeale systeme(g.CSTR reactors).

Chapter 10Conclusions and recommendatiopsesents theverallconclusion®f the thesigand
makes recommendations for future work
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CHAPTER

2. LITERATURE REVIEW
2.1Researchproblem i theoretical context andmotivation
2.1.1Food wastegeneration

The definition ofFW is not simple and it can be analy$asm manydifferentperspectivesThe
morefi t r a d idefinitormo&fbod waste is related discareed householdood eitherbecause
was not eaten by the due datebecausd was left on plates after a meah broader definition
takes account of food discardatiany poinin the Food Supply Chain (FSCljable2.1 shows
the various stages of tieSCandtheir respective faih waste generation. Therefore, food waste
includesany waste generatetliring production, processinglistribution, consumption and/or
disposal.During harvesting for example, food can be logi consumptiorby animals such as
birds or rodentsHarvestingosses can also be incurred (for example due to inclewesathe)

if the timing of harvest is not optimal. However, for most pedpléjs more obvious at therfal
stages of the supply chaitail and consumer stag@&able2.1) (Parfittet al., 2010)

Accordingto Lin et al. (2013) food waste can be firedas

The endproduct of various food processing industries that has not been recycled or
used for other purposes.iff thenonproductflows of raw materials whose economic
value is less than the cost of collection and recovery for réheesfore discarded a
waste

Lipinski et al, (2013) on the other hand, defines food wasse

Food that is of good quality and fit for humaonsumption but that does not get
consumed because it is discarded either before or ifspoils. Foodwaste typically,
but notexclusively, occurs at the retail and consumption stages in thevédoel chain
and is the result of negligence or a cowss decision téhrow food away

Although several attempts have been made to quantify gfddadroduction they ae, typically,
underestimatedThis is because of the variety of definitionsFWW 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 dlmghout the supply chain, from production to consumption, is
about 1.3 billion tonneper yeari i.e. one third of the food produced in the world for human
consumption annuallgFAO, 2011).
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Table2.1 Food Waste Generation at different stages in the supply chain (Ba&it2010).

Stage

Examples of food waste/loss characteristic:

(1)

()
3)

(4)

()

(6)

(7)

(8)

(9)

(10)

(11)

Harvestingi handling at harvest

Threshing

Drying i transport and distribution

Storage

Primary processing cleaning,
classification, déhulling, pounding,
grinding, packing, soaking, winnowing,
drying, sieving, milling

Secondary processirigmixing, cooking,
frying, moulding, cutting, extrusion

Product evaluatiori quality control:
standard recipes

Packagingi weighing, labelling, sealing

Marketingi publicity, selling, distribution

Postconsumeil recipes elaboration:
traditional dishes, new dishpsoduct
evaluation, consumer education, discards

End of lifei disposal of foodvaste/loss at
different stages of supply chain

edible crops left in field, ploughed inswil,
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

loss through poor technique

poor transport infrastructure, loss owing tc
spoiling/bruising

pests, disease, spillage, contamination,
natural drying out of food

process losses
contamination in process causing loss of
quality

process losses
contamination irprocess causing loss of
quality

product discarded/owgrades in supply
chain

inappropriate packaging damages produc
grain spillage from sacks
attack by rodents

damage during transport: spoilage
poor handling in wet market

losses caused by lack of cooling/cold
storage

plate scrapings

poor food preparation technique: edible
food discarded with inedible

food discarded in packaging: confusion
over Obest beforebd

food waste discarded may be separately
treated, fed to livestock/poultry, mixed wit
other wastes and landfilled
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Thi et al (2015) reported that the per capita FpYoductionsin indudrialisedand developing
countriesis 107kg/year and 3@)/year, respectivelysuggesting thain industrialisedcountries
where the standard oifving standards higherthere is greateFW generation(Lipinski et al,
2013) Perhapsmoresurprishgly, according to data gathered by Bigreau Population Reference
(2014), there ismmarked difference between thggregate FVgeneratedh industrialized670
million tonnes) and developing (630 million tonnes) countries. This is beadthseigh FW in
developing countries is low and theré@hless food demanadnd less per capitlonsumption,
net population in the Global South is highieite., China and India, contributsith 37% of the
total worldwide populatior{Figure2.1).
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Figure 2.1 Relationship between Gross National Income per capita (GNI) and FW per capita in various
countries (Thiet al, 2015).

Table 2.2 shows the difference in food waste generation scenarios in industrialized and
developing countries. The United States, for exaple showed the highest FW per capita,
equivalent to 0.52kg/day, whidwouldberelatedto itsbiggerpopulation size316,128,839). The
United Kingdom, on the other hand, exhibited a higher daily food waste generation (14,257,000)
and FW per capita (0.3Than Germany (12,257,998 and 0.34 daily food waste generation and
FW per capita, respectively), despite a lower populafibedaily food waste geeration values

of industrialized countries are on averd®8246 higherthan in developingnes.

Moreover the proportion oFW in theMSW varies across thdape. Dategathered by Thet al
(2015) showed thain countriessuch asheUnited Kingdom SwedenGermanyand NigerigFW
representahigher percentage of their MS\80,67, 61 and 6% respectively. Conversely, in the
Ukraine and Belarughere is a lower proportion &W in ther MSW: 37 and 2% respectively
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Table2.2 Scenarios of food waste generation in different countries (Thi et al., 2015).

FW per  FW percentage
Country (Sgé) Population dgﬂﬁg /FZ\;r) capita in entire MSW  Referencé year
e (kg/day) (%)
Industrialised
countries
Australia 65520 23,130,900 2,261,061  0.25 40.00 Liu, (2014)
Véroniqueet al (2010)
Denmark 61,160 5,613,706 790,502 0.32 NA Barbarset al (2012)
Véroniqueet al (2010)
Sweden 59,240 9,592,552 1915460  0.27 67.00 NaturvArdsverket (2010)
Singapore 54,040 5,399,200 796,000 0.40 NA NEA (2013)
Grocery Manufacturers
The United States 53,670 316,128,839 60,849,145 0.52 NA Association (2012)Buzby
and Hyman(2012)
Véroniqueet al (2010)
The Netherlands 47,440 16,804,224 8,841,307 0.31 NA Barbarzet al (2012)
Véroniqueet al (2010)
Germany 45170 80,621,788 12,257,998  0.34 61.00 Barbaréet al (2012)
The United WRAP (20133)WRAP
Kingdom 39,140 64,097,085 14,257,000  0.37 50.00 (2013b)
South Korea 25920 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 (208)
Developing
countries
Brazil 11,600 200,361,925 33,489,000  0.17 54.90 Corstenet al (2012)
Turkey 10,950 74,932,641 123375000  0.17 49.50 Sezer and Arikar2011)
loanniset al (2013)
Malaysia 10,400 29,716,965  5477,263  0.18 55.00 ('\gggg;“ad and Keng,
Mexico 9940 122,332,399 19,916,000  0.16 52.00 f\z'g’l‘i‘)’ and Themelis,
Costa Rica 9550 4,872,166 903,375 0.19 NA Dhiaet d., (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 ‘(';’82"78)” and Winkel,
Belarus 6720 9,466,000 903,690  0.10 27.00 ?2%?8 Baltic Tech project
China 6560  1,357,380,000 195,000,000  0.14 56.60 Yanget al (2012)
Thailand 5370 65,479,453 9,312,788 0.14 44.43 Alice and Jany&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 Z%?g;"(2012) Jena
Ministry of Natural
Vietnam 1407 89,708,900 5,743,056  0.06 60.00 Resources and

Environment of Vietham
(2011)

SourceThi et al (2015
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Regarding the impact of consumerés behaviour
found that in a population with high education level (industrialised countries), FW is mostly
generated fAbefore the meal, 6 while for pop!
(devel oping countries), FW occur sping eofintriesr t he
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 generaiad 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 (Paittal, 2010). In addition, different lations imply
lifestyle and cultural differences which impacts both recycling practices and the type of FW
producedWardet al., 2008)

FW compositioris region specifiavhich affects its bio-chemical characteristicBor instancein
Chinavegetablescereals and fruitepresentapproximately80% of the FWwhilst in Turkey
vegetable and fruit repressrdapproximately70% of the total FW volumeBakery and dairy
products account fapproximately50% of the FWIn western countriesyith meatrepresering
31 5% of the FW in all regiongonsequently, there is a need for diffener@nagement/disposal
plansin different regions of the worlfKarthikeyanet al., 2018)

2.2Foodwaste in the United Kingdom- an expensive business

In 2012,approximatelyd million tomes of food and drink waste wgeneratedn the UKeach

year This figure includesstreams such asgricultural production,food manufacture,
retail/wholesalei including distribution and from storedjospitality 6 pr of ng i cat
restaurants, pubs, hotets)d6 ¢ 0 s t 0 i schdlsehospitalg, service4/RAP, 2013). It does

not, however, includéW from households, which accordingWedRAP (2012) was responsible

for adding another million tonnes of food and drink waste to the picture. Of this total, 82% was
FW. Household~W is any foodor drink thatis consumed within the home, including retail and
contributions fromhomegrownfood and takeawaylsut excluding any food or drink consumed
6othego 6, for example, in the workpl &dce or in

For research purposeWRAP adopted the followingW categories: afvoidable i food and

drink thrown away that was, at somerrior to disposal, edible (e.g. slice of bread, apples,
meat); b)Possibly avoidable 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 clUnavoidablei 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 peoféae total food and drink waste
arising from households in the UK in 2012 vea®idable. The remaining 3 million tonnes was
split equally between unavoidable and possibly avoidable waste (WRAB), 201
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Just under half of avoidable food and drimla s t e , in 2012, was cl| assi
and thrown away because it had either gone off or passedl the n s u medatd enfthe r e 6
packaging. A further 31% was classified as o0
food and drink tat had been left over after preparation or serving. Around 14% was linked to
personal preferences including health reasons and not liking certain foods. Accidehiding

food dropped on the floor and failure of a freézaccounted fod% (Figure2.2) (WRAP, 20B).

These resultsuggesthatFW in the UK is strongly related to behaviour and habits.

0% 20% 40% 60% 80% 100%

- SR B
Food 0.94 .1"10
- e o

® Not used in time

Cooked, prepared or served too much
¥ Personal preference

Accidents (contaminated, bumt or spoilt)
® Other

Figures within bars state waste in millions of tonnes

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 armbked;prepared or served too
much was estimated to be wofi®.7 billion pounds.

A later study conducted bREFRA, (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 thategetables and fruits, as well as meat and emtuctsare the two largest

import categoriednterestingly theseitems are the ones which have the highest disposable rates

on the UKO&s waste stream, meani ng iMefinaricialt he
drain (Menaet al, 2011) In 2014,imports cost £8.7 hillion, while exports were worth £0.9

billion, giving a tade gap of £7.8 billiorHigure2.3). The latter was responsible for £6 billioh
investment.

Between 2007 and012,the UK achieved a 15% reductiomthe generation of food and drink
waste despitea 4% increase in householdumbers. The amount of waste prevented is
considerable, and would be enough to fill 2,600 Olympic swimming pools, aasaedlaving of
£85 million in landfill tax and gate fees for the local authorfi#RAP, 20B). However, the UK
still has a long wayo reach azerowasteeconomy (WRAP, 2(3). Furthermorgit has been
estimated that all thEW in the UK would be enough to feed 250,000 people. fdigesmoral
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questions, since in 2011 one billion people worldwide were considered malnoyfi&hgdar,
2011)
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Figure2.3 UK trade in different food groups in 2014. HM Revenue and Customs. DEFRA (2014).

A more recentreport from (WRAP, 2020)stated that the annu&W arising within UK
households, hospitalitgndfood service (HaFS), food manufacture, regaitl wholesale sectors

in 2019 was around 9.5 million tonngan incrase in relation to 201Figure2.4). Over 85% (by

weight) of this wasted food arises in households and food manufacture, demonstrating that this is
still is the most challenging sector,ibaeedgo deal with a change in oeumerbehaviour.

B Household
M Retail
m Manufacture

HaFS

Figure2.4 Amounts of total food waste arising in the UK in 81l sector (totgbost farmgate=a.9.5Mt).

A series of practical measures hdezn made to reduce the amooifE\W generated in the UK
including The Courtauld Commitment3heseare a series of voluntary agreemairned to
improveresource efficiency and reduced the carbon and wider environmental impact of the UK
grocery sectorThe agreements have been funded byUKeGovernments and delivered by
WRAP.
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Table2.3 details the distinct phases of the commitments, their start and end dates and the main
achievement of each orleaunched ir2005(phasd), this agreement is set to last 20 yeaiscé

then it has achieved a significant reduction in waste generation from householdding
packaging wasteT@ble2.3). As a result of actions by signatories, Love Food Hate Waste, local
authorities and charity partners, 670,000 tonndsViéfand 520,000 tonnes of packaging waste
was avoided across the UK betwe&fl95 and 2009 (WRAP, 2020

Phase 11(20162012)aimed to reduce primary packaging and household food and drink waste,
including secondary and tertiary packaging, and supply chain Weasthieveda41.6%decrease

in theamount ofFW and packaging generated the UK in relation to phase 4s well as a 4594
increase in C@savings, which culminated in2.2% more billions pounds saveékhis success

was attributed to several factors including the participation of 53 retailers in this pfoabks

2.3).

In Phase I11(20132015 the goal was to achieve r@ductionin theweight, and CQ emission
consequencesf household=W, grocery produstand packaging wastBroduct and packaging
wastewasreduced by % therewasa significant growthin the recovery and recycling reffeom
95%in 2012 to 99% in 201)5and a7% reduction irthe carbon impact of food anglackaging
was achieve@WRAP, 2020.

Phase IV is currently undeay. It comprises a set of ambitious aims and for this reason its set to
last over a periodf 10 years. Nevertheless, several milestdraa®been successfully achieved,
includinga 1.6 Mt of CQ saving since 2015y hich in fact is lower than the amount of £€0
savirgs in Phase Jthatonly lasted for two years and react®fibld 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 ttmplementation of new standards for food packaging
design and labelling by ta&lers and brands, making it easier for people to buy what they need
and make better use of what they buiais strategy could significantly reduce thenount of
avoidablewaste generated due laxk of knowledge regarding terms suchbas ot used i n
and t he 0 c odats enrthe pabkading, 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).



18

Table2.3 The CourtauldCommitments 2025. Adapted from (WRAP, 2020).

) Packaging and £ saved CQZ
Courtland Aims/Goals Food Waste billi savings Remarks
preventedMt) (billions) (Mt)
Courtland Less Food Waste and
Phase | Food packaging in 1.2 Mt 1.8b 3.3 Mt Equivalent to filling 128,000wastes lorries
(20052009) households
Courtland Idem Phase | added of
Phase Il secondary and tertiary 1.7 Mt 3.1b 4.8 Mt 53 retailers worked with Wrap to achieve the
package and supply chair ’ ' ' targets
(20102012)
waste
. T[ Product and packaging waste reduced by 3'
Courtland Reduce the weight and . ‘
CO2 of household food T[ Rgcovery and regyclmg rate grew from 95
Pz%iS;zlcl)lls waste, grocery product - - - in 2012 to 99% in 2015.
( ) and packaging waste 1 7% reduction in carbon impact of food ar
package
Significant increase in recognition of Love Foc
Hate Waste (Food Waste Trends Survey 2019
A new strategy for citizen food waste preventic
q A 20% per person |Cne‘crITL]1d|r)g refocgsetd Lotv&(aj FIOOd IHatelt_Was.
reduction in food paigns and targeted largeale citizen
and  drink  waste behaviour change interventis.
. . Implementation of new standards for foc
associated with ) h ! -
roduction and packaging ng|g_n anq labelling by retailers a
Eonsum tion of food brands, making it easier for people to buy wt
and drin'I)< in the UK they need and make better use of what they t
ost farm gate ! The worldés first Foo
q 2 20% gate. 480.000 tonnes Roadmap, with more thar2@ businesses set t
o per person (7% progress Target their own food waste reduction, Meast
Courtland reduction in the 1.6Mt : f
between 2015 ; consistently, and Act on the evidence. Launch
Phase IV greenhouse gas 2018 (since Guardi f Grub tional ;
(20152025) (GHG)  emissions ) 2015) uardians ot frub, ‘4 nationa campaign
associated with empower hospitality and food servic
production and professionals to reduce the amount of fo

thrown away in tkir establishments. Working
together to double the amount of foc
redistributed. Working within  higimpact

sectord meat, dairy, fresh produce and bakery
to develop and act on new insights on food wa
priorities, including measurement of giam

gak waste.

Most (over 80%) of the reduction is due f
decarbonisation of th
GHG emissions associated with consuming a t
of electricity are 39% lower in 2018.

consumption of food
and drink in the UK.

| A  reduction in
impact  associatec
with water use and
water stress in the
supply chain.

2.3Environmental impacts offood waste

As well as representing a threat to global food security and a financial drain for the authorities,
FW generates environmental impadis an example, 4.2 tonnes of £&re emitted along the
food supply chain for every tonne of FW generdtad et al,, 2013)

The most common manageneoute for FW disposal is lafiing. Globally, around 1.3 10°t
of FW are disposedf in landfills, contributing to 3.3 10° tonnesCO,-eq. year of greenhouse
gas (GHG) emissions(Salemdeebet al, 2017; Fisgativaet al, 2017) Unfortunately, in
developing countriethisis still the most comrmn approach for waste disposa@presentingver
90% use rate for FW treatme(Tthi et al, 2015)

As well as landfil,FwW can be incineratedecycled oromposéd However, each one of them
hasenvironmentglsocial andeconomicdmpactsand in most cases does not represent a realistic
solution. For example, a total of -A464 incinerators would be required to meet the needs for the
UK waste industry, a costly anenvironmentallyunfriendly option due to the emission of
pollutants On theother hand, thelallengesassociated with composting BV are related to
structure of food waste with weak porosity, high content of water, low céadsnitrogen relation

and fast hydrolysis and accumulatioroofjanic acids during composting, which reduced process
efficiency (Wanget al, 2016 Voberkovéet al.,2020.
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Due to poor incentives in FW recycling pragis and the lack of an official policy to persuade
people to participate in recycling activitie®cycling faces majorchallengesin developing
countries(Suchadeet 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 landfilledA large number of countries, including Brazil, Turkey,
Malaysia, Mexico, Costa Rica, Romania, South Africa, Belarus, China, Jamalaajng,
Nigeria, andVietnam among many othersurrentlydisposes unsorted FW landfills (Thi et

al., 2015).

Key to succestll FW management irindustrialised countries isadequate administrative
structuresand budget allocation©nly 10% of the total budges used forwastecollectionwith

most of thdunds utilizedfor segregating activities, establishing treatment facilities and programs
to enhance communiti@sawarenes of waste recycling and recoveyNEP, 2011)
Neverthelessexperiences fronindustrialised countries have shown that a country cannot
effectively addres@ts FW issue if thegovernment does not establish specifbjectives for
reducing FW and implement comprehensive legislative regulationempelsustainable food
production(e.g. theclosedloop supply chain mode(Parfittet al., 2010)

Different targets worldwide, have been sein the waste industryelated to the amount of
Biodegradable Municipal Waste (BMWsent to landfill(Price, 2001) (BMW is wastethat
underg@sanaerobic or aerobic digestion, producing methane emissiori&)rope the disposal

of organic waste sent to landfill has been strongly discouraged by legislations such as the EU
Directive on Landfills(European Union, 1999nd the Waste Framework Directi{feuropean
Parliament and Council, 200@)lolm-Nielsenet al, 2009; Grosset al., 2010)

Table2.4 presentshe compliance foorganic waste disposal forembers of the European Union
by 2020 Therefore, the target beginning in 2006 and ending in 2010 should taddéiding of
BMW to 75%of the 1995 levels. Theercentage of BMW sent to landfiler the nextyears, are
diminishedin relation to the 2006 target, possibly due toftdw that thanitial higherneed for
diverting this type ofwaste in order to reducenvironmentalimpacts would have been
successfullynet Therefore, the 2008 target (2013 deadlnepyesents 33.38 lesghan the 1995
level and the @16 target (deadline 2020), 53.3% less.

Table2.4 Landfill directive targets for biodegradable municipal waBtéce (2001).

Target Deadliné

Reduce landfilling of BMW waste to 75% of 1995 level 2006 (2010)
Reduce landfilling of BMW waste to 50% of 1995 level 2008 (2013)
Reducdandfilling of BMW waste to 35% of 1995 level 2016 (2020)

aThe date in brackets indicates the extended deadline available to countries for whom landfill reg
a predominant disposal route (member states landfilling over 80% of municipal solid waste).

In order to achieved such targets, the fdknulateda seies of strategiesuch as the increase in
the costs for disposing waste in landfill from £480 to £68 111 of gate feeper tonnebetween
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2009 and 2011Lin et al, 2013) Additionally, the UK government impleznted 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 lowperformance authiies (DEFRA, 2007).

Household HaFS* Retail & Manufac- Farm  Total®
Wholesale turing

[0.9-
3.5 Mt]

4.5 Mt 0.8 Mt 0.3 Mt 0.8 Mt nk > 6.4 Mt
(E13.8 bn)  (£3.2 bn) (£0.9 bn) (£1.1 bn) (>£19 bn)
O3Mt - 0001Mt 0.04Mt 0.65 Mt
SUEaMturra(I:? [»1kt to people [17.5ktto people]  [23ktto people] nk? >1.0 Mt

) Pets/ [nfato animals] [27ktto anmimals] [635ktto animals]

other animals

Total food waste 6.6 Mt 1.1 Mt 0.3 Mt? 1.5 Mt >9.5 Mt

Preventing food

Recycling
(AD/composting) 1.3 Mt? 0.04 Mt 0.15 Mmt3 0.44 Mt* nk >1.9 Mt
Recovery
s (thermal, 3.0 Mt? 0.83 Mt® 0.15 Mt 1.1 Mt nk >4.4 Mt
P landspreading)
w
g Di al 2.3 Mt? 0.22 Mtb 0.002 Mt4
(sewer,Wandfill) [1.5 Mt sewer [nk sewer nk310 [nk sewer nk >3.2 Mt
0.8 Mt landfill] 0.38 Mt landfill] 0.002 Mt landfill]
In addition:
Rendering of animal by-products 0.6 Mt nk 0.6 Mt
Other food by-products’ 2.2 Mt 2.2 Mt

* HaFS = hospitality and food service; nk = not known; nfa = not applicable |

Figure2.5 Summary of food surplus, waste and related material arisings in the UK, and their respective
treatment and disposal rouf@gRAP, 2020)

Nevertheless, according to WRAP, in120 of the 9.5 million tonnes dfW generated by the
households, hospitality & food service (F8), food manufacture, retail and wholesale sectors,
33.68% was diverted tandfill (Figure2.5). 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 spread8iygIEVRAP,
2020)

As well as the redaction onthe amount of biodegradable waste going to landfill, the UK
government committed to achieving the 60% of reductidii3HG emission by 2050 (BERR &
DEFRA, 2003)According to the International Energy Agency (IEA), fossil fuels accounted for
upto8 1% of the worl dbés primary energy supply i
contributed a mere 13% (IEA, 2009). Despite a consensus that GHG emissions need to be
reduced, it has been estimated that fossil fuels will remairsitigge greatesénergy source
worldwide (at 77% for the period 2002030) (IEA, 2009) Nevertheless, it is expected that a
threefolds increase in energy consumptiaiil happen by 21Q0wvhilst energy generation from
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biomass is intendet reachb0,000 TWh in 2050, 7800TWh in 2075and 89000 TWh in 2100
(IEA, 2006).

If large amount®f organicwastearegoing to be diverted from landfill, sustainable strategies
should be investigated as means not to just trdaitito recover valuable produciscluding
energy The shift towards sustainablesnergy systemsoffers a pomising solution to reduce
environmentapollution and provide austainable fuedupply(Elsayedet al,, 2019 Ramanathan

et al, 2016) In thisrespectFW managemertanplay an important roléNeiland, 2010)

2.4Food toenergy conversiontechnologies

Recovering energy frofdAW is undoubtedly a sustainable option for reducing methane emissions
from waste that would otherwise go to landfill. Furthermoreaithelp countries reduce their
dependency on energy and fuel imports since organic wastes can generate alternativies to foss
fuel, such as ethanol and butanthis also contributes towards reducing carbon emissions and
meeting renewable energy targets (Weiland, 2010).

The various technologies that are availablesftgrgygeneration from biomass and waste can be
subdividednto thermochemical, biochemical and physicochamtonversion processdsigure
2.6). FW can bencinerated with other combustible municipal wastegenera¢ heat or energy.
FW combustionmay lead to the production of dioxinghich can in turn, contribute toair
pollution (Katamiet al, 2004; Meet al., 2011) Alternative technologies like gasification are still
at the demonstration phase and only a limited number of fullestedtallations has been built
(Appels, Lauwerset al., 2011)

Combustion is nat veryfeasibleFW 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 680%) 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 gasificatimtow for substrates

with highmoisturecontentand the presence of water in tiesultingbio-oil is undesirableThese
considerationsgliscourageppication ofthese technologsfor FW (Vande Velderet al,, 2010)

BIOMASSS ORGANIC SOLID WASTES

Physicochemical Thermochemical Biochemical canversion
canversion pracesses CONVErsion processas pracesses

Extraction/ Tr_ans- ) Combustion Carbonisation Gaslfication Liguefaction Pyrolysis. Fermentation fnderable
Separation esterification digestion

Wegetable il . Syngas Pyrelysis oil;
( Pathanal )( Biodiesel ) ( Heat ) ( Charcoal )(I:CO,H;];Me:hane)(memaml) Q‘lemitals;!ut»lr;a) (Hla-ethanul ) (chgas[ﬁﬂ.))

Figure2.6 Biomass and waste conversion technologies (Apgteds, 2011).

In contrast, AD of FW provides both energy (i.e., 0.6 MWWhaind biofertilizers P40% of initial
feed from the same amount of input materials with a lead time and footspradterthan that of
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composting(Karthikeyanet al, 2018) Therefore AD is curently themost commonly used
technologyfor FW to energy conversiofPhamet al, 2015)

There are several advantages from utilizF\y as a feedstock to generate-fmpducts and
energy:a) it comprises sigfiicant quantities ofunctionalised molecules (e.g., carbohydrates,
proteins, triglycerides, fatty acids and phenolic compounds that can produce materials such as
Pol yhydr oxyal k a nfue,tsgngas, @RoAgstéothgsigure2i7)pb) it is an
abundant and undettilised resourceg) it is available everywhere in different composition and
concentrationsgl) it contains organic matter that is suitable for microbialgh; e) it reduces

the cost of the wasteas when disposed in landfi{ghanget al, 2012 Lin et al,, 2013)

According toSandert al. (2007)fuel applications fronFW (US$200Q 400/ton biomass) usually
createsnore value than electricity generatid#iS$60' 150/ton biomass) or animal fedd$$70

200/ton biomass). Due to its inherent chemical complexity, FW also can be utilized for production
of high-value materials, such agyanic acids, biodegradable plastics and enzyi8$3000/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.

activated carbon

cellulose . . syn-gas
bio-adhesives
cellulose nanocrystals

EHPAIS phenols
lipids  gjastin - X starch nanocomposites
collagen \ bio-surfactants
= bio-fuels
pactin natural chelants
chitosan /
PVC replacement materials
‘ hydrogels
chemical

hio-solvents monomers

lubricant fuel additives

hemicellulose phytochemicals
bacterial cellulose

Figure 2.7 Components present in Food Supply Chain and their uses in common consumer applications
(Lin et al, 2013).

2.4.1Anaerobic digestion

AD is a process that occurs naturally in the environnfengxamplein swampsat thebottom

of lakes,in landfills and in thestomack of animals.WhenAD occurs,it releases methane and
carbon dioxide that escape into the atmosphere and ptietenvionment.However, under
controlled conditions, the AD process is a versatile technology platform that can serve many
purposes in industry and society by generagiegtricity and/or heat, e.gn combined heat and
power (CHP) systesn Moreover, the metharzan be liquefied and used as a transport fuel, or
injected diredy in to the gas grid. 1 frof biogas from ADat normalconditions(latm at 20°C)
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is equivalent to 22MJ of energy, and it could generate 2.04 kWh of electrestsuming35%
generatiorefficiency (Murphy et al., 2004)

This biological process is complex and comprises several #ejts.simplest the AD process
can becharacterizedby four sequential processes as depicteignire 2.8; namely hydrolysis,
acidogenesis, acetogenesis and methanogenésiscobperation between keyembers of the
microbial communityis essentiafor the performancef each steas well as thé¢otality of the

digestion. The assortment of metabolic and catabolic activities of bacteria determitiemntier

of energy content from substrate into bidgasmethandDivya et al., 2015)

Each of the AD stegis performed by a specific group of microongams and enzymes and occurs
within a period of time. Hydrolysis is the rdtmiting step for anaerobic digestion of complex
organic substrates such as cellulfidassaret al, 2017) In this casemanydays are required for

the decomposition of delose into monomers, whereas the duration of hydrolysis of soluble
carbohydrategakesonly a few hous. This difference isdue to the compact structure and
compositional features of cellulose, hemicellulose and lignin (i.e., lignin conterdedinthse
crystallinity). Nevertheless, limited hydrolysis reduces the production of intermediate products
and therefore, hinders biogas/biomethane produgtiRadriguezet al., 2017)

For easily biodegradable wastes such as FW, hydrolysis is not necessarily-tinaitiatgstep,

thus if hydrolysis is increased (due to {breatment, for example) it may lead to VFA
accumuléion, which subsequently inhibits the methanog@esnbhurkar anMhaisalkar 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 suclatile Yatty acid

(VFA) levels should be low in a wellalanced systerfPindet al., 2003)

The effectiveness of anaerobic digest 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
biodegradabity are all important for process stability and biogas produgtimkun Kiranet al,

2014)
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Figure 2.8 An overview of AD process and microbial enzymes responsible for satglgarbon flow
(Divyaet al, 2015).
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The anaerobic digestion BV is not a simple proces&ccording talke et al. (2010) a goup of

microorganisms such ascfinomyces, Thermomonospora, Ralstonia and Shewanella are

involved in the degradation oFW into volatile fatty acids, whilstMethanosarcina and

Methanobrevibacter/Methanobacterium niicontributeto methane productioevertheless,

numerous studies have shown tR¥lY is a good alternative feedstock for AD becausitsdiigh

degradability and biogas/ methane yield, as showrigure2.9.
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Figure2.9 Methane yield from different feedstocks including food wa@epelset al, 2011)

Table2.5 Reactor typeandmethane yield from different feedstocks including food waste.

BMY/SMP

Substrate Reactor Type (NLCH kg VS added) Reference
OFMSW Full-scale, CSR 360 Bolzondla et al 2006
OFMSW Lab-scale CSR 370 Bouallaguiet al., 2005
OFMSW Lab-scale ,twephase 365 Choet al, 1995
OFMSW Pilot-scale Batch 210 Di Mariaet al,, 2013
FVYW Pilot-scale CSR 420 Lin et al, 2011
Fvw Lab-scale, Batch 335 Di Mariaet al,, 2015
FVYW Two stage, N.R 530 Leeet al, 1999
FW Two stage, N.R 440 Gunaseelan VN, 2004
FVYW Single stage, Batch 180732 Choet al, 1995
Potato waste Two stage, N.R 390 Zhanget al, 20007
FW Single stage, Batch 440 ForsterCarneiroet al 2008
FW Two stage CSTR 464 Kim et al, 2010
FwW Single stage, Batch 220 Kim et al, 2008
FW Three stage system, UASB 254 Parket al, 2008
Fw Single stage 399 Moon & Song, 2011
FwW 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 Cet al, 2013
FvYwW Sequencing batch reactors 420 Bouallaguiet al. (2005)
Household waste low-cost household digester: 350 Ferreret al (2011)

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

Table 2.5 details themethane obtained by differeatganic wastes agedsto&s under distinct

reador typesOverall,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 from210- 732NLCH4kg VS added, with higher methane yisldsuallyrelated
to two-stage systemsThis can be attributed to thspatial separation between bacteria

communities (fermentative and methanogenic) allowing a better control of environmental
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conditions for each grouplptaand Zaiat, 2018)Compared to other substraseshas branches,
office paper and grasthe FW related ones such as vegetable (sugar beet) and fruits (mango and
lemon peelsyielded,on average40®6 more methanAppels, Lauwerset al., 2011)

FW includes fruit and vegetable waste, as well as the organic fraction of municipal solid waste
(OFMSW) and any waste originating in houselsolwith each categargiving rise to different
methane yieldsChoet al (1995) for example, has reported the methane productiorcitagsa

of 54 different fruit and vegable wastes ranged from 18B2mL/gVSadded, depnding on the

origin of wastesDi 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 addedTable2.5).
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Figure2.10 Digesters sites at the United Kingdom. From: ADBA (202®)p://adbioresources.org/map

Anaerobic Digestion in the United Kingdom is already well established. In 2012, the UK
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 proce@4/RAP, 2013). Nevertheless, there is an increasing numbdigafsters
being implemente(Figure2.10). As well as energy, the higher number of AD plants will generate
more of the end product known as digestate.
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Figure2.11 Net electrical energy, tonnes of fruit and vegetable waste (FVW) introduced daily in the digester
of the fullscale waste water treatment plant ( WWTP)Ygce ner at or ef fi ci ency
output (kWel) (Di Mariaet al, 2015).

Moreover, just like &VastewateilreatmenPlant- WWTP, AD plants treatingfW need to deal

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

part, highly heterogeneougherdore, it is notpossible to pedict future compositions of received

feedstock because the dynamics of society and industry constantly results in trélkidaen

et al, 2011) Despite the fluctuations in substrate compositiontente 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 miday?, with a slight decrease after this value)

generally suggesting that this is atequate and profitable substrate A (Figure2.11).

2.4.2Food wastepre-treatments for AD

According to European Union Regulation EC1772/20@bmmission of the European
Communities, 2002)substrates such 8dSW, FW, and slaughterhouse wastes need to be
pasteurized or sterilized before and/or after Alnnsidering this regulatigrpre-treatnent
methods could be applied, thus eliminating the ecasd forsterilization(Eggeman and Elander,
2005; Hendriks ad Zeeman, 2009)

The main incentive for applyingre-treatmentson organic wastes, includingw, is mainly
related toimproving biomasgo-energyconversionby making thesubstrate more suitable for
digestion. Disintegrationmethodshave recently attracted attention to alter the structure and
composition of the biomaskerebyaddressinghe low digestion efficiency often encountered in
industrial scale applicatiortd AD (Appels, Lauwerset al,, 2011)
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The effects that prereatment may have on a substrate depend on its type and charactéfistics
the solubilised material is inherently egsibiodegradable, the effect on biodegradability
enhancement may be limitgtissenset al., 2004) The positive effectsof pretreatmentare
numerous and includ@) improvement of the surface properties for better microbial interactions;
(i) reduction andor removal of the toxic compounds that may affect the process; (iii)
improvementof the hydrolysis rate kinetics for proteins afigids and (iv) increaseof the
accessibilityof certaincompounds(Carlssonet al, 2012; Kudakasseril Kuriast al, 2013;
Monlauet al., 2013; Karthikeyan and Visvanathan, 2013; Fisgathal, 2017)

Additionally, substrate modifications resulting from gireatment have the potential to influence

the AD process performance hiteringthe rate and extent of degradation,hbof which are
directly corelated to the methane yieNS reduction and/or productivitfhe former occurby
breakinginsoluble polymer chains into soluble components, thus making the reaction products
more biodegradable as well as moreessible for beteria to digestyhile thelatteris increased

by the release @xposure of organic material that was originally inaccessibigdmorganisms

or the transformtion of material that was origally not biodegradabléBougrieret al, 2007)
Thebeneficialalterations 6the substratarisingfrom pre-treatmentesult inaccelerdbn of the
process and as a result, recidigestion time (HRT).

The effort in enhancing AD viaetreatment methods not a new strategit has beewleveloped
over the last 30 yeaf#lauget al, 1978; Stuckey andMcCarty, 1984eemaes and Verstraete,
1998;Neyens and Baeyens, 2003; Hendriks and Zeeman, 200%tRilli 2013 with the main
objective being to increasmerational methane yield in order to arrive as chsss possible to
the potential methane yield of the substittéhe highest feasible digestion ré@arlssoret al,
2012) On the other hand, disadvantageous impacts frortr@a¢gments can also occur such as
formation of refractory compounds and/or loss gfamic material, hindering methane production
(Carréreet al,, 2010)

Pretreatmentfocused AD optimisation has ranged from finding suitabdatmenrs for each
substrate (e.g. mechanical, thernpdlysim-chemical, chemical, thermochemical anitrowave
(MW) irradiation) as well adinding economicdy feasible way otombining themEad one of
thesewill be briefly dscussedbelow, with a specialfocus on MW irradiation(Hendriks and
Zeeman, 2009)

2.4.2.1Mechanical

This type ofphysicalpretreatment is one of the few available for the-dhle biogas process
(Lindmarket al, 2012) It includestechniques like milling, grindingsonication, lysiscentrifuge,

liquid shear, collision, higipressure homogenizer, maceration, and liquefactiaa generdly

succeshul in improving AD performancdependhg on the material properties and the technique

used (Lindmarlet al, 2012).According toAriunbaataret al (2014)size reductiorusingbead

mills, electroporation and liquefactigme-treatmentof 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 beersuccessfully applied dtll-scale AD. The principal advantage of this type of pre
treatment is the possibility of disintegratiofsolid particles of the substrategich releases cell
compoundsincreasing the specific surface afpeoviding better contadietween substta and
anaerobic bacterjathusenhancing the AD proceg¢Skiadaset al.,, 2005;Carréreet al., 2010;
Elliott and Mahmood, 2012)it d o e sgen&rateodour, is easyto implement, has better
dewaterability of the final anaerobic residue &iadmoderate energy consption. In contrast
to chemical and thermochemical methodsechanial treatmentproducesno toxic andor
inhibitory by-productsduring the disintegration step (Hendriks and Zeeman, 2009).

Major detrimentaleffectsinclude a) the additional energy yieldnay be lower than the energy
suppliedfor disintegrationandb) heatingof the substratevhich may result in loss fovolatile
substancewith consequenteduction of methangotential(Hendriks and Zeeman, 200@atky
and Jirout, 2011; M6nehegedeet al, 2013)

The effects of mechanical pteeatment on the OFMSWeported m the literatureare
contradictory Davidssonet al. (2007) investigated thébiomethane potential of sourserted
OFMSW pretreatedwith different mechanical methods including screw press, disc screen
shredder, FW disposer and piston press. dithorsfound snall variations ineachmethane
yields per gVS (gram volatile solidgqrying from275 and 410Nm? CH4/ton VSadded, with no
statistical difference between them.

Hansenet al (2007)studied the effects of the same fm@atment échnologies on the quantity
andquality of sourcesorted OFMSW. Theghowed a positive relation between the usscoféw
presspre-treatmentand a decrease in substrate particle size. Another finding wasstwagdder
with magnetic separiai yielded a lghermethane productiofb.6i 13.8%99 compared to the other
methods. Incontrast,Bernstadet al. (2013) reported thatlthough the screw pregmhances
biogasproduction in generathere isa loss of biodegradable matesiaincluding important
nutrients for bacterial activity via this method, thus suggesting that attention $eophdd in
order to ensuradequat@mount of organics aentering the process.

Mechanical treatments such Bkectroporationof OFMSW resulted ir20i 40% higherbiogas
production(Carlssoret al, 2009 andliquefactionresulted inl5 26% higher biogas production
(Toreciet al, 20®) Sonicationyielded16% higler cumulative biogas productidmanuntreaed
substrate¢Cesaro and Belgiorno, 2014)

Palmowski and Muller(2000) investigated the effecon anaerobic biodegradabilitpf
comminution of organic materialsing various machinehe authors demonstrated that size
reduction ofvery fibroussubstratesuch asnaple leaves and hayems resulted in up to 48%
increase in biogas productioBiogas productiorfrom mixturesof apples, carrotgotatoes and
meat,which have low fibrecontents Yery biodegradablg showed no improvemernthese tw
scenarios demonstratethat the effects of particle size reductiodepend on substrate
characteristicswith highly biodegradablsubstrateseceivinglittle benefit from this strategy.
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A reluctanceto adopt mechanicalmethod originates froma misrepresentatiorof the pre
treatment effect othe surface area of sorsabstratesespeciallyfor fibrous materialsin this
casethere can bsubstrate damagwhich increases the surfaaeea withoutlecreasing particle
size(Hartmanret al,, 2000)

2.4.2.2Ultrasound pre-treatment

Another category of mechanical greatment is ultrasoun@he frequency range faltrasound

(US) is between 28Hz and 10MHz. This process i$easiblein an aqueous environmerithe
application of US at frequencies between 20 to 40 kHz results fiortmation of small bubbles

due to localized pressure drops below the vapor pressure of the aqueous phase. The bubbles
oscillate, grow, and collapse in a nonline@anner and create cavitations, whikhurn, cause

strong mechanical shear forces and extraamgerature increases inside and around the bubbles
(Chuet al, 2001)

The advantages &fS disintegratiorare theabsencef secondaryor additive toxic compounds
(Khanalet al., 2007)The size reduction efficienajepend on the sonicatiotime (Tiehmet al.,
1997) ultrasonication densit{Benabdallah EHadj et al, 2007; Showet al, 2007; Laurenét
al., 2009) sonicdion power(Mao and Show, 2006andsample characteristi¢€aoet al, 2006)

Koksoy and Sanin(2010)studiedthe effect ofthe F/M ratioundersonicated and unsonicated
sludge using batch MAD assays. Sonicated reactatirtgesonicated sludge always produced
higher cumulative amounts of methane comparet$onicated reactors with the same F/M ratio
Their resultsuggesthatthe extent of waste degradatisas increased by U@etreatment

2.4.2.3Physicochemical pre-treatment

This type of prereatment is characterizdyy thecombination of physicale.g. grinding) and
chemical (e.g. acid/alkali) or thermal (e.g. wadte; low temperature) technologies for improving
the FW properties prior to ADLi and Jin(2015) combined physical (grinding td 2 mm) and
thermal (120 °C, 50 min) prieeatmenbn FW, achievinga maximum of 32% highdigiogas yield
(over control).

Karthikeyanret al,, (2018)pretreated FW wittadd (along, butwere not successful improving
carbohydrate solubilisation frofW, achievingd5% lower biogas yieldAlkali pre-treatmenbn
the other handmproved the Chlyield by 25%in comparison to the control. Howevére most
successful strategy was to combitieali and thermapre-treatmentwhichimproved the methane
yield by approximately32% over contro{Naran et al, 2016)

2.4.2.4Wet air oxidation (WAO)
Wet air oxidation (WAO) is a physiechemical procesapplied tosolid waste with the purpose

of oxidizinghigh organic matter content, using high temperatures3¥BC®C) and high pressures
(5-15 MPa).The high temperature is responsible fioeparing the system for oxidation, whilst
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the high pressurexygen reacts with organic matter to produce inorgaris and simpler forms
of biodegradable and ndrodegradable compounéShariari, 2011)

Lissenset al (2004)testedhe effect of WAGon AD enhancement for a variety of solid biowastes
including; FW, yard waste and digested biosolids. The-tpgatment conditionswere
temperatures ranginfjom 185 to 220 °C, pressures between 0 and 1.2 MPaaaoonstant
reaction time of 15 minuteBhey were able to identify SCOD concentrations 4.8 to 5.9 times
highe than controls at high pressures, whereas it was only a factor 2.3 to 3 times higher for low
pressures. Thprincipal conclusion was thdtigheroxygen pressures during WAO of digested
biowastes (in a fulkcale plantpromote an improvement total methane yield and stabilization
kinetics by 3540%.

2.4.2.5Chemical pre-treatment

Chemical prereatmenbffersthe destruction obrganic compounds by meansagids, bases, or
extracellular enzymefl.iu et al, 2012) Acid pretreatment is known to ben efficient method

to solubilize carbohydrates, while alkali greatment is efficient in solubilisation of proteins and
lignin as well as lipid saponification. For this reaseasily biodegradable substrates containing
largeamounts of carbohydratesich as FWoes not benefit from this processjce it accelerates
the degradatiorand subsequent accumulation\@¥A, fact known for alteringnethanogenesis
(Wanget al, 2011) Other disadvantages associated with the padreatmeninclude the loss

of fermentable sugar due to the dmdption of complex substrates, thigh cost of acids and the
additional cost for neutralizing the acidic conditions prior to the AD proCesserzadeh and
Karimi, 200§ Kumar and Murthy, 2011)

Practical measurewedto be adopted when using this method. For example, due tortbeice
nature of chemicals used a&tid pretreatment(e.g. H.SQy, HCI, etc) there is a need for nen
corrosive coatingsnthe equipmentUnderacid/alkalipre-treatmentthe FW to acid/alkali ratio
needs to be optimized based on thaltgsolidscontens and strength of the acid/alkali used.
Moreover, because of the gasrmation of inhibitory componds such as phenols and furans,
the FW characteristicenustbe evaluate (Monlau et al, 2013) Similar to other préreatments,

the effecivenessdepend on the type of method applied and the characteristics of the substrates.

Torres and Lloéns(2008) evaluatedthe effecs of alkaline pre-treatmenton thesolubilisation
degree and ADpf OFMSW. The authors found goosblubilisationwith 11.5% of the COD
solubilized undean alkali concentration @2.0 megCa(©H)./L (equivalent to 2.3 §a©H)./L)
and contact time of 6 hours, considetedbeoptimal. Furthermore, a VS removal of 94.0% was
achievedresponsible for amaximum methane yielti72%higher tharthe control. Nevertheless,
as the concentration da(©OH). increass, there wasa dereasein solubilisation This was
attributed by the authors to thestability caused by thdéormation of complex, norsoluble
compound.
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2.4.2.6Thermochemical pre-treatment

A combination of thermochemical and biologipad-treatmentsvere usedby Fdez-Glelfoet al
(2011)to enhanceolubilisationof OFMSW (TS of 30%)For the biological treatment the authors
used nature compost, funguaspergillus awamorand activated sludge. The thermochemical
treatmentconditions werdNaOH (15 g/L), temperature 12280 °G oxidizing atmosphere (N
and air) anccontact time of 30 minute3he authors found thahérmochemicapre-treatment
showed highesolubilisationcompared to indiual biological prereatmentsNevertheless, by
combining the two methodssingoptimum pretreatment conditiosiof 180 °C with 3 g N@®H/L
and 3-bar pressure, it was possible totaim even better results in terms of solubilisat{@rb
timeshigher tharthe contro).

2.4.2.7Thermal pre-treatment

Thermal pretreatment of organic waste, specifically food/ kitchen waste, has been widely tested
with positive result©on AD performance and has been successfully applied at industrial scale
(Carlssoret al, 2011).

The benefits of this treatment are numerous and inchigethogen removab) enrichment of
the sporegorming bacteria in FWwhich reduces theaccumulationrate of organic acidg ¢)
possibleavoidancepr reductionn, toxicity effects of some FW components,improvement in
dewatering performareof AD end products angedudion in theviscosity of the digestatgvith
subsequent enhancementitgfhandlingea® (Marin et al, 2010; Liuet al, 2012; Hacet al,
2015)

Similar to mechanical prreatment thermalpre-treatmentcan also redtiin loss of volatile
organicsNevertheless, 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 whichthe amounts of useful sugars and amino acids are re{Motiet et al, 2009) It

should be chosemas a prdreatment method carefully, therefoleasedon specific waste
characteristics.

Ma et al. (2011)validatedthe positive effectsf autoclavingkitchen waste at 128C and 1bar
for 30 minutesThe efects on both solubilisation and biogas production were remarleab®b
higher COD solubilisation and 48% higher biogasdoiction when compared to thé4f non
treatedkitchen waste

Wanget al (2006)onthe other hand, tested different thermal conditifong-W pretreatment:
70 °C for 2 hours and 150 °C for 1 hour, using a hybrid anaerobitl&plid system. The auts
showedthat in general theretreatment was beneficiah terms of overall AD process
performance sincéhe time needed to produce the same amount of metha the control
(untreated wasteyasreducel by up tohalf.

Schiederet al (2000) pretreated FW from a restaurant usiegnventional heating with
temperatures between 180d200°C, pressures up to 4 MPa aesidence times of up to 60 min
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The authors observeaa significantly improvemenin therate of biogas production as well as a
shortering of the of ADduration which wereboth attributed toraincreased rate diydrolysis.

Different authorshave investigatedhe effects of the final temperature on AD perfance.
Thermal treatmenof FW at low temperatures (<100°C) did not result in enhancement of the
biogas productiofiChamchoiet al,, 2011; Liuet al., 2012) Under highetemperatures170°C)
thistreatment can lead to the formation of inhibitoompounds such as melanoidins.

Liu et al (2012) who testedthe effects ofthermal pe-treatmenton bothFW andfruit and
vegetable wastat 175°C, reported a7.9% and 11.7% decrease of the biomethane production,
respectively, due to the formation of mmadédins.Bougrie et al (2007)suggested that thermal
pretreatmentat hightemperatures (>17C) might lead to the creation of chemical bonds and
result in the agglomeration of the partiglaffecting methane production.

Minowa et al (1995)changedhe phase state of model OFMSWm solid to a liquid sirry by
thermal liguefactiorusingdifferenttempeatures (150, 200, ar2b(®C). Theconclusions were
thatthe changén the form of the waste leatb changd viscositywith a significantdecreasén
this parameteas the temperatuiacreass anda correspondingnprovemenin digestibility.

Inoueet al (2002)also used high temperature for liquefaction of OFMSW using thermochemical
processwith temperatures between 150 °C and 250 °Goapskures varying between 3.5 and 7.0
MPain addition toa mechanical disruptioin this caseatemperature of 175 °C wasnsidered
optimum for the liquidization of thavaste as @re-treatmentprior to AD. The authors observed
that theliquid slurry had agreater proportion of lower molecular weight organic atidsthe
mechanicallydisrupted OFMSW, suggesting that theuldjzation of OFMSW couldhave
advantagesver particle size reduction whesubjectingthe treated substrate AD. 179C was

also consideredptimum for mesophilic methane productimesultingin a 27% increase in
methane productiocompared to the control.

Sawayamaet al (1997)investigated the effect afiechanicapretreatmentand thermochemical
liquidization coupledwith sodium carbonate (5% on a dsglid basiskt a final temperature of
175°C and 4 MPa with one hour holding tiragstrategiedo enhance AD of kitchen wastEhe
authors found thdiy anaerobically digesting thiguidizedwaste, it was possible to obtdiice
thebiogasyield after4 days of digstion than that produced from mechanicdilyrupted garbage
for the same period.

The thermal processiith or withoutmechanical préreatmenti.e., grinding) has been proven
to achieve a significantly higher GHtield than in the contraiNaranet al, 2016)and is thus
considered by manyp bethemost reliablepretreatmenbptionfor FW prior to AD
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2.4.2.7.1Microwave irradiation pre-treatment

In the recent years, microwave irradiation has been investigated as an alternative st@tegy to
treat organic wastes and enhance AD process performdiege are important differences
between conventional heating and microwave irradiation. In the fothestemperature 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 matto remain active after the completion of the sample heating,
hence increasing the likelihood of heating the sample to dryRaps€2.12) (Shahriariet al,

2011)
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Figure2.12 Comparison of Temperature Distribution for Conventional and Microwave Heptotpess

(CEM Inc) Shahriariet 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 subjeoaterial. 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 savin@Blazlet al, 1995; Thetenson 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 synonymauuih thermal energy. This principle is known as the
thermal effectYela and Wu, 1979ung and Cunningham, 1980 is especially effective if the
subject material contains dipole moleculies. (nolecules with a positive electrical charge at one

end and a negative electrical charge at the other end). Water has dipt#aules 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 susceptibomponents includingvater, fats and sugars (Shabhrierial, 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 heatg (TangandChan, 2007).

FW exposed tdW radiationis alsosubjected tanathermal effect. Differently from the thermal
effect, this is caused hyossible breakage of hydrogen bonds leading to denaturation and death
of bacteriavhen thepolarized parts of macromolecules align with the poles of the electromagnetic
field (Loupy, 2002. This effect has the potentitl make complex organic molecules unfold and
fracture becomingmaller, thus pmmoting its solubilisationA consequece is arincrease in the
hydrolysis rate of anaerobic digesti@ince the organic matter becomemore readily
biodegradable for the microorganisr{skiciogluet al, 2007; Mariret al., 2010)

Several factors influence microwave processingluding the propertiegfrequency and field
strength)of the electromagnetic field, chemical composition of the material being processed,
structural changes that occur during processing, size and shapenadtdral fragmentbeing
heated These are all aspects thfe microvave/materials imractionphysics(Thostenson and
Chou, 1993

Each material has a specific ability to absoricrowave energyMaterialswith a highelectrical
conducivity such asmetals (e.g. aluminium, steel) do not allow electromagnetic fields to
penetrag to any significantdepth Theel ect r omagneti ¢ radiation 1is
the surface layerand for this reasosuch materialsare not suitable for microwave heating.
Materials withlow conductivity butlow dielectric loss factorge.g. quartz)have alarge
penetration deth but little of the penetratingelectromagneti@nergyis converted tathermal
energy.These materialareeffectivelytransparent to M\Wadiation.

Materialsthat havelow conductivity and highdielectric loss factorge.g. water)absorb MW
energymost effectivly. Figure2.13 compares, qualitavely and schematically, several types of
material with respect to their propensity to absorb MW enetgymany studiesvith FW water

is preseni(asa solventor as one component in the mixtpaad acts as the primary MW energy
absorber The heatenergy arising from the dissipation of MW energy in the water is then
conductedo theother substances/substrateshe mix Conventional heating transfers heat most
efficiently to materials with higthermalconductivity(Thostensomnd Chou1999).
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The dielectric loss factor of a substande generally a function of the frequency of the
electromagnetic fieldAt 2.45 GHz, thalielectric loss, and thus theating rateof water isa
maximum. Theloss factorof water drops rapidly when the épeency reaches 30 GHEini and
Breccia, 1999)

In recent years, MVifradiationof sludgehasattracted interest as it may simultaneously improve
digestion and decrease the pathogen confeftle 2.6 shows some of the work conducted on
microwave of sewage sludge in the last two decadeh, miist of the results/findings being
positive, with successfulprocess improvementincluding SCOD increase, VS destruction
increase and methane or biogas enhancement.

Parket al (2004)investigated the feasibility of applying MW radiatitmdomestic wastewater
sludge for improving AD. The authors reported that when sludge waewaiged to its boiling
temperature, there was an increase in solubilisation (SCOD/TCOD increased from 2 to 22%).
Moreover, tls pretreatment was able to promote an increase of methane production of 79% in
relation toa control. Ultimately,the MW pretreament of sludge resulted in a decrease in the
HRT of the AD from 15 to 8 daysyhich would result ira reductiorin processg cost.

Honget al (2006)obtainedbenefitsusing MW pretreatment on primary sludge (PS), WAS and
anaerobic digester sludge. When these substrates were irradiated with MWs to a final temperature
of 70°C, there was an increase in solubilization for all of the substrate.t€bt=idcreases were

16%, 125% and 45%, respectively. Nevertheless, the biogas production improveraanilyva
significant for PS at 8& and 100°C, which exhibited an increase of 11.9% and 22.7%
respectivelyMW benefits thusary dependingon substrates
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Zheng and Kennedy (26Dtested the effect of MW irradiation primary sludge (PS) at diffent
temperatures (65 and®D) and various intensities. They showeddato threefoldsincrease of
SCOD and a 15% to 30% improvement in the rate of biogas production for 65 and 90°C
respectively. Despite this, the ultimate degradability of PS remained unchanged.

Table2.6 Microwavepre-treatment obewagesludge and main effects observed.
Ramp rate Hold Digestion

Author Substrate Temperatures (total time) time Type Findings
Improvement:
Waste o . Semi SCOD content,
;Og%i?) Activated 96°C 14<gmci3r/1r)n|n _ continuous VS removal
) Sludge Mesophilic Biogas
production
Improvement in
. SCOD content
Primary (18% for A.S);
(PS) and .
Semi 23 and 15%
Honget al Waste o - - .
. 70 and 100°C _ _ continuous increase in
(2006) Activated M hil h
(AS) esophilic methane
Sludge productionfor
9 P.SandA.S
respectively.
Increase
solubilization at
et Wast srsaa o Shoeend lownenti e
Activated 175°C 1.25°C/min 1min . .
al. (2009) Siudae (40 and 120min) continuous Increase in
9 mesophilic biogas
production at fast
heating rate;
No sig.
difference of
Zhenget Primar 35, (80% tzsjtPower) Batch tests methane
al. (2009) y 60 0 _ production and
sludge o Slow (BMP) - o
90°C (40% total power) biodegradability
0 P between different
heating rates.
No sig.
difference of
methane
. . production and
Eskicioglu Waste 50 1.2(36m!n) Batch tests  biodegradability
etal Activated 75 1.3(58min) _ (BMP) between different
(2007) Sludge 96°C 1.4°C/min(80min) heating rates.
96°C higher
biogas
production

Qiaoet al (2008)investigatedhe treatrent offresh sludgeoy MW irradiationcombined with
alkali pretreatment (0.2 g NaOH/BS). They foundhat MW heating alone reduced VSS by
40% at 170 °C within 1 minuté&evertheless, when the chemical agent was reduc@dfog
NaOH/gDS the VSS dissolution rationcreased to 50% suggesting that a smaller amount of
Alkali substances in needed in improving sdishtion with a potential to reduce chemical costs.

Coelhoet al (2011)investigated the effects of M\We-treatmen{final temperature of 96°C) on
the AD of thickened waste activated sludge (TWA& one andwo stage reactors under
thermophilic and mesophilic conditions at four different HRTs (5, 10, 15, 20 dayghetwo-

phaseeactors, both steps operating unitie@rmophilic conditions with aBRT of 5 days, a 106%
enhamrement in biogas production was obseriretklation to theonestage mesophilic reactor.
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On the other hand, when MW pireated sludge was digted at the one stage reactor, regardless
of being undemesophilic othermophilic, it exhibited an improvement in relation to thetool,

with the latter having the best biogas improvement (88%@n HRT of20 da. Their study
confirmedthat for sinde-stage reactorthere was a decrease wastestabilization efficiency
resulting from MWpre-treatmenat shorter HRT.d-or thetwo-stage reactors operated at the same
HRTs waste stabilization wascreased with and without M\fre-treatment

Yu et al (2010)also investigatethe effects of MW préreatment on WAS. Howevdn contrast

to Coelhoet al (2011), theythe studied physical and chemical characteristics of WAS after MW
pretreatmentto determine the optimum conditions for micikung to achieve hip SS
disintegrationDifferent set ofpower (90, 750, and 900 W) and contaiches (0-140 seconds)
were testedTheir resultsshowa directrelatiorship betweenthe increasef VSS solubilisation
andbothMW powerand contact timeAfter longerirradiation(140secondf VSSsolubilisation
was 24.7%, 25.7% and 29.6% at 500 W, 75@&wd 900 W, respectivelfror the same contact
time there was also an increasehia SCOD/TCOD from 0.0622 (raw sludge) to 0.1571, 0.1581
and 0.1611 apowersof 500V, 750N and 900V, respectively. The authors reported @@nd

60 secondss being the optimum condition feludge digestibility and energy consumption.

Eskiciogluet al (2007)investigatedow temperature (5and96 °C) MWtreatmentof TWAS.
Similar to other studiediscussedhere, the authoishowedpositive effects on solubilisation with

a 3.6 and 3.Zold increase in SCOD/TCOD ratifor 50 and 96°C respectively MW pre-
treatment was also beficial in improving AD by enhancing methane production, with 13% and
17% increasefor 50 and 96°C respectivelyAll samples showed similar improvement\its
destruction compared to tieentrols.Similar to Kennedyet al. (2007)temperaturavasfound to
bethe mosimportant factor affecting WASolubilisation

As previouslystated,the combination othermal and athermal effects of MW irradiatioan
disintegrateorganiccomponentsn FW into smaller particlesnaking themmore available for
microorganiss in AD and potentially enhancing methane productio@nly two studies
however,have beemeportedon the effects of this preeatmentandunderstanding of #afull

effect of suchreatment on the chemical and physical characteristics of the waste, microorganisms
and process performanisestill incomplete These two studies are now discussed.

Marin et al (2010)reportedhe effects of microwave irradiation on the anaerobic biodieiigy

of model kitchen wastea(mixture of differentomponents suchscabbage, cooked rice, oats,
dog food aneggplan). The pretreatment conditioswereheating rates of 7.8, 3.9 and 1.9°C/min
and &final temperature of 17& with 1 min temperature holding tim&wo different fra¢ions of
the waste wergested: liquidsupernatant fraction and the solid fraatidesignated as whole
fraction

The authors reported thBtW irradiation was successful solubilisingnot just CODbut also
proteinsandsugars irthe supernatant phaseswell as in the whole fraction gfretreatedkW
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comparé to controls.The solubilisationof COD wasmore evident in the supernatant phase,
reaching valuesf 82, 68 and 99% at heating rates of 7.8, 3.91a8f€C/min, respectively. In the
whole fraction,solubilisationincreased by 24, 14 and 20% foretsame HRs compared to
controls In terms of biodegradability improvement, the authors observed that for the soluble
fraction there waan incremenof between 5% and 16% relative to contr@s. the other &nd,

for the whole fractiorthere was only an improvement for tiest rapicheating rate (7.8°C/min)

by 9%suggesting that solubilisation rates are not always linked to biodegradability improvement.

As expected, the increased solubilisation and biodeditity rates for all heating rates of the
soluble fraction were followed by amcreasen biogas production, with an averagil6% more
biogas at 3.9 and 4°C/min, compared to 5% at ?@&min. For the whole fraction, the
improvement in biogas produocti (of 11.76%)was only observefbr the most rapicheating
(7.8°C/min). Overall, the authors concluded that MVtadiation is effective in solubilising
organic matter, improving biodegradability and kisgproduction from k\Wespeciallythe
solublefraction. The disposal of the whol&action and all its environmental and economic
impacts needs to be considerbedwever

Shahriariet al (2012)investigated theffects of pretreatingOFMSWwith a combination of MW
irradiation andhydrogen peroxideThe mainvariables affecting the characteristics of the
OFMSW were temperature (13375°C) and supplemental water additions of 20% and 30%
(SWA20 and SV#30). Both fractions (liquid and who)avereevaluatedAccording to them tte
combination ofhigh temperatures (>145°C) amthemical prereatmentresulted in a larger
component of refractomnaterial per gCOD causing a deasen biogasproduction The whole
fraction of OFMSWopretreatedat 115 and 14%C, to the contraryexhibited adi 7% improvement

in biogas productiorcompared to control. However, at higher -pieatment temperaturef
175°C, there was a decrease liogas productiorattributed to theformation of refractor
compoundsjnhibiting digestion.Regardingthe liquid fraction ofOFMSW, SWA20 at 145°C
exhibiteda more pronounced biogascreaseof 26% aftereight days of digestiomrelative to
untreated sample3he authors concluded that the positive effectsonfl@ining MW and HO»
are negligible for thenhanced biogas production.

Carlssoret al (2012)performed a comprehensilreerature reviewof themost frequent typesf
pretreatmentsand their effects on different organic wastes, including household and food
industrywaste They state thadrganic waste from households (Organic Fraction of Municipal
Solid Wastei OFMSW) is often subject tomechanical treatmentd=igure 2.14). Besides
mechanical processing, thermal and chemicalti@@ments have also been frequently studied
with OFMSW. Nevertheless, eéiw studies have focused dOFMSW pretreatment with
microwaveirradiation PEF, freeze/thaw anifO pretreatments

Regarding OFMSW,the authors repted that particle-size reduction is induced only by
mechanical préreatments, whereas solubilisation may result frompaditreatment typs.
Biodegradability enhancemenh the other hand, is an effect only observed for some of the
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treatmentsThe addition of acid may causerifimation of refractory compoun@Hansenet al,
2007)

Thereview made by Carlssat al (2012)alsoincludedslaughterhouse wasf8alminenet al,
2003; Lusteet al, 2009; Hejnfelt and Angelidaki, 2009; Battimedli al, 2009; Cuetot al,
2010)andwaste from the dairjndustry (Palmowskiet al, 2006; Beszédest al, 2011) The
main pre-treatments applieth this caseverethermal and chemical, followddy ultrasonic and
microwave prereatments Figure 2.14). Moreover, due to the high initial biodegradability of
slaughterhouse waste, some-eatments such as thermal (70 and 133°C) and chemical (alkali)
may havea negligible effec{Hejnfelt and Angelidaki, 2009; Battimelit al., 2009; Carlssost

al., 2012)
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Figure 2.14 Pretreatments and substrates in the reviewed literature. Substrateatraents applied to
different substrate categories in{apilot- and fullscale studies as well as discussed in reviews
(112 papers from 1978011). The piechart illustrates theumber of times each substraype
occurs in combination with a pteeatment; the total number of occurrences is larger than the
number of articles since several articles discuss more than ottieeg@ir@ent type. The bar
charts illustrate the distributioamong the different prigeatments for each substraype. The
literature was selected so as to cover as many different types of substrate=satpewith as
many processes and/or technologies as poséitéelssoret al, 2012)

In contrast toOFMSW, particlesize reduction of waste from the food industry is realised by

chemical and ultrasonic pteeatments, while improvement in solubilisation results from all pre

treatment types applied. The effects on biodegradability varies depending csulbatvate

characteristics, however it can be said to be present as a result of most treatments cited here.

It can be said with confidence that fireatment methods can enhance AD performance.
Nevertheless, the high capital codtigh-energy consumption, @quired chemicals and
sophisticated operating conditions (maintenarmdgur control etc.) are significant factors
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hindering their fullscale application (MatAlvarez, 2003 Yadvikaet al, 2004 Carrereet al.,
2009)

RegardingFW and its variationsg.g. household waste and fruit and vegetable wastjeral
pretreatment methodsave beerapplied to enhance methane production. Some of them have
already been discusséeére, whileothers are briefly described irable2.7. In most cases, the
pretreatmenmethod applied was successful, implying in ehbigbiogas or methane yield.

It becomes clear froritable 2.7 that pre- hydrolysis is a very commopretreatment strategy.

This is becausdyy enhancing the hydrolysis step, the total time spent on the AD process can be
significantly reducd, hence diminishing process codtém et al (2006) applied thermophilic
hydrolysis on food waste and reportagduction on total AD process time, wehHRT reduced

to 10 days, hence suggestmgostsaving scenario.

The greatestgas (biomethane or biogas) enhancemeas obtained whemhermochemical
processvas appliedMa et al (2011) tested the effect ofdladdition of HCI until pH reached a
final value of 2, final temperatumd 120C andpressure of 1 bar for 30 mifihe authors obtained
a24% higher biogas producti@ompared to controls (no pteeatment). Nevertheless, when FW
was pressurized until Ifar andhendepressurized, the increase in biogas was liggrer(48%

in relation to control). The maximum increase was obtained when the afrtmeghe FWat
80°C for 6 h, and thawed for 30 min. This resulted in a 56% biogas prodictmment in
relation to control.

Carlsson and Anox (2008) applied 400 pulses with electroporation to FWpréteatment
method was efficient in enhancing biogas incremartich variedfrom 20'40%. This was
attributed to substrate cell breakage.

Zouet al (2016) used aigh voltage pulse discharge (HVPD) as atpeatment method for FW.
The authors showed that the chosen treatment was effectvdamcingorocess performance,
with a 54% VS destruction and a total cumulative methane production kiital34%higher
than the control samples (no greatment applied).

Nevertheless, only a fewre-treatment methods, such as CafpbiAD with a prehydrolysis
stage (twestage AD) and mechanical treatmenasédn been applied at full scaleis also clar,
from the review conducted in this chapter and the high methane yi€lbla2.7, that thermal
pretreatment is one of most feasible technologiesrfygration providing the temperature and
pretreatment time are optimized.
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Table2.7 Comparison of préreatment methods to enhance AD of FW.

Substrate

Pre-treatment

Type of AD Sysem

Results

Reference

Food waste

4 days microaeration with 37.5
mlO2/Ld

Mesophilic wet batch

21% Higher methane yield for inoculated substrate, and 1
higher methane yield for neinoculated substrate

Lim andWang(2013)

Household waste

70 °C for 60min,
KOH until pH =10

Thermophilic batch

Methane yield of 500 mIC#gVS, no enhancement due to
Pretreatment

Chamchokt al (2011)

Household waste

16041 200° C, 4@barsfor 60 min

Mesophilic continuous

551 70% COD solubilization, and 3% higher biogas piitun

Schiedelet al (2000)

Household waste

Mesophilic prehydrolysis
(hydrogenogenic)

Mesophilic continuous

43 mIH2/gV'S from first stage, 500 mIGigVS from second
stage which is 21% higher than single stage system

Liu et al. (2006)

24% Higher COD solubilization and 6% higher biogas

Food waste Microwave with intensity of 7.8 C/min Mesophilic batch production Marin et al (2010)
" . _ 13 + 7% Higher COD solubilization and 48% higher bioge
Food waste Addition of HCI until pH = 2 Thermophilic batch production. 3% Higher COD solubilization and 24% highe Maet al (2011)

120° C, 1 bar for 30 min 19 +

biogasproduction

Pressurized until 10 bar and

2 + 7% Higher COD solubilization and 48% higher bioga:

depressurized production
Frozen at 80° C for 6 h, and thawed fc 16 + 4% Higher COD solubilization and 56% higher bioge
30 min production
- - — —— - - —
Food waste with polylactide Hyperthermoph|I|c/thermoph|||c Thermophilic (TPAD) 15 18% Higher methaneonv_gspn ratios than conventione Wanget al (2011)
prehydrolysis thermophilic digester
- - - 5 - - - - =
Food waste Semiaerobic and e_maeroblc pre Mesophilic continuous 95% COD destruction which resulted in methane yield of £ Kim et al (2000)
hydrolysis ml/gVS
Food waste Thermophilic pre-hydrolysis Thermophilic HRT can be reduced to 10 days Kim et al (2006)
Food waste Thermophilic prenydrolysis Mesophilic 61.3% VS destruction, methane yield of 280 ml/gVS Kim et al (2004)
. . Mesophilic continuous 9% and 13% Higher biogas production than mesophilic ai )
Food waste Mesophilic prehydrolysis (2 stage system) thermophilic AD, respectively Verrieret al (1997)
Food waste Mesophilic prehydrolysis Mesophilic Best results of 520 mIC#§TS was achieved at pH =7 Zhanget al (2005)
Food waste Mesophilic prehydrolysis Mesophilic continuous 65 mIH2/gVS and 546 mICi#gVS Wang andZhao (2009)
. _ R . Control: 297 mICH/gVS added Microwaved FW: 316
Food waste Microwave = 100 °C, 600 W Mesophilic batch mICH/gVS added Zhanget al (2016)
Food waste Thermophilic prenydrolysis Mesophilic continuous 205 mIH2/gVS and 464 mICHVS Chuet al (2008)
— - -
Food waste 400 pulses with electroporation Mesophilic continuous 2 207 40% Higher blogabsrggokggztlon due to substrate cell CarlssorandAnox (2008)
70°Cfor2h . . 2.69% Higher methane production,
Food waste 150° C for 1 h Mesophilic continuous 11.9% Higher methane production Wanget al (2006)
Frozen/thawed and pieydrolysis for 7 10% Higher COD solubilization, 23.7% higher biogas
Food waste days Mesophilic continuous production. Stabnikoveet al. (2008)
Frozen/thawed and pteydrolysis for 4% Higher COD solubilization, 8.5% higher biogas )
12 days production
S — 3 - =S
Food waste 70 °C thermal and mesophlllc Mesophilic continuous 91% of FW was converted to biohythane with 8% hydroge Kim et al (2000)
prehydrolysis and 83% methane
Food waste 7.9% Decrease in biogas production.
175° C, 60 min Mesophilic batch Liu et al (2012)

Fruits and vegetables waste

11.7%Decrease in biogas production

Food Waste

High Voltage Pulse Discharge (HVPD

Mesophilic batch

54% VS solids destruction with a total cumulative methar
production 134%igherthan control

Zouet al (2016)
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Alkali =0.4N NaOH, pH=12.7, 1h. 339.2 (+25%) mICHgVSremoved.

Alkali-thermal = 0.4NNaOH,
autoclaved at 120°C for 30min.

360.7 (+33%) mICHgVSremoved

480.8(+77%)
Food Waste Thermal= 120°C for 30min. Mesophilic batch mICHJ/gVSremoved Naranet al (2016)

Ultrasonic= Eergy intensity of 432.6 mICH/gVSremoved

360KJ/L, 30min.

Control

271.7 mICH/gVSremoved

Commercialenzymes =10U/dgry FW
for glyco-amylases at 60°C.

457.36 mICH/gVS (+131%)

100rpm,24h.
Food Waste Fungal Mash=10U/g FW for glyeo Mesophilic batch 468.2 mICH/gVS +137%) Kiran et al (2014)
amylases, at 60°C, 100rpm for 24h.
Control 197.9 mICH/QVS
Aeration in 10L reactor, 40°C, 50L/h,
21%02, 2 days.
FoodWaste Aeration in 10L reactor, 40°C, 50L/h, Mesophilic batch Fisgativaet al (2016)
21%02, 4 days.
Control
Physical
Kitchen waste 24?‘2?“"1 Mesophilic batch i%gggg m&%ggg Ag;g?;gli;]d
8 mm 460-470mICH4/gVS
Thermal
120°C, 10min 112mICHJ/gVS
Kitchen waste ggog igm:z Mesophilic batch igg m:g:ﬁggg Li et al (2016)
120°C, 50min 161 mICHJ/gVS
120°C, 60min 129mICH4/gVS
Thermal
55 °C, 70min 939 ml biogs (+4%)
70 °C, 70min 1135 ml biogs (+25%)
Kitchen waste fngC’, omin Mesophilic batch e m E:gg Eﬁgzﬁﬁ; Li and Jean (2015)
140°C, 50min 885 ml biogs (3%)
160°C, 50min 909 mibiogas(-1%)
Control 911 ml biogs

Adapted fromAriunbaataret al. (2014)andAppelset al (2011)
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2.5Digestatedisposal: current challenges in the UK

With theincreasef AD worldwideas an alternative method for energy angbbgduct generation

using avariety ofwastes, there ha been a significant increaselie amount of digestate produced
(Curry and Pillay, 2012)Digestate is a product of anakiodigestion and consists mainly of
water (over 90%), undigested material, microbial biomass, and inorganic compounds
(minerals/ashjLansinget al, 2010; Gobernat al, 2011; Garfet al, 2011; Alburquerquet 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 fibr&&mbusitiet al, 2015) Due to the
significant concentration of nutrients, the most common global market applidatiahis
material is as a soil conditioner/ fertiliz&fNFCC, 2012)

Consideringthe nutrient content of this materahd,predictions for nutrient depletiofvhich,
accounting for population growth and increase in nutrient demame®3 to 291 years for
phosphorous and 235 to 510 yearsgotassium), digestateecomes potential alternative for
conventional inorganic fertilize(&ixen and Johnston, 201M)oreover, it has the advantage that
it canbe cheaply produced through anaerobic digestion anywhereingtitiavide range of raw
materials including agro, commercial and domestic wastesg this materialn agriculture
could be one component ian integratedcost effective and renewablajtrient management
strategy(Tamil Nadu Agricultural University, 2IB; Grigattiet al,, 2011)

According toMgller et al (2009) landapplication of the digestate results in emissions of
biogenic CQ and NO. Emission coefficients of GDC andN.Oi N for these processes were
0.86'0.96 of the C and 0.018.017 of theN in digestate, respectively. N and P as nutrients from
land-applied digestate replaces chemical fertilizer, thus avoiding the GHGthemhemical
fertilizer production The netchange in GHG emissionreplacing chemical fertilizer with
digestatessi 11 CQO kg/t (Matsudeet al., 2012)

Each type ofdigestate will have a different applicatiofor example, agricultural wastes and
erergy cropwasteare almost exclusively largpplied, while digestate generated from OFMSW
andFW needs to be further managed and treasdumingirticle 6 of theEU WasteFramework
Directive EEC, 200@pplieg(European Parliament and Council, 2Q00jis article states thain
some casegertain wasteshall ceased to be waste whiéthundergoesa recovery process
(consideringproduct quality, inpuimaterials, teatmentprocesses and techniques, provision of
information, quality assurance procedurets,), meaning thaFW digestate can beeated as a
@roducd(Saveyn and Eder, 2014)

Digestate of unacceptable qualityosh | d be regarded as fAbi owast e
agricultural land for fooar fodder crop productiofiTrzcinski and Stuckey, 20117 possible
pathway to use this stabilized biowaste is as a daily, temporary or final landfill @ker.land
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applications ofthis type ofdigestate include landscape restoration in discarded quarries and
mines, antinoise batiers, road construction, golf courses, ski slopes and football pitches
(Amlingeret al., 2004)

In Europe, some countries haweir own digestate quality standardsy.PAS 110:2010 in UK

(BSI, 2010). These digestate quality standards have specifications for hygienic standards,
impurities, degree of fermentationdour, organic matter content, heavy mental content, and
parametes for declaration. The parametdor declarationincludethe essential characteristics
and constituents of digestate products that help the end user determine the bestfpractice
digestate landpplication(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, chisrandphysical contaminants
(Fuchs and Drosg, 201Bloranet al, 2015. Sale price of qualified raw digestate, used as
biofertilizer, varial (in 2015 from-18to%1/ t i n b ul {Oahlingtam20i6k et i n g

The UKé& higher demand for digestate began in 2006 with the increase of inofgitizer

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 timein the UK). This product originated mainlfrom sewage sludgéEvans, 2012)
Neverthelessthe digestate frorfW is also good substitute for inorganic fertilizer. A research
conducted byWRAP (2011),showed that the nutrients concentrations present in the ébr

whole digestate frorRW, are similar and in some cases even higher than in traditentiizérs

Total Nitrogen andPotassiunfor example can be found in higher concentrati@’®o and 7.8

%, respectively)n thewhole digestatderived from FW than in thgeneralpurposeones, which

can be beneficial in the sense that less amount of this matter is neetedhahe soilTable

2.8).

The digestatguality of OFMSW orFW usually depends on the type of AD system (e.g., wet or
dry, batch or continuous, singiétage or multstage, caligestion or mondaligestion). The
moisture content of the digestate will be influenced by the choice between wetAiD dwjith

the latter producing a digestate of nearly 35% solids content, having less moisture and therefore,
requiring less energy (costs) for dryi(Bpere 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 DigestateDerived GeneralPurposeFertilizer
From FoodWaste

Total Nitrogen(%dm) 1500 (11.907 20.50) 5.50 (4.007 7.00

NOs-N (%dm) Trace n.d

NH4-N (%dm) 1050 (5.507 16.M) n.d

Total P (%dm) 0.70 (0.307 2.00) 3.30 (2.507 6.00)

Soluble P (%dm) 0.10(0.007 0.20) 1.47 0.347 2.60)

Potassium (K) (%dm) 4.70 (1407 9.30) 4.36 Q.50 5.81)
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Later, h 2009,anaerobic digestion in the UK generated 277,000 tonnes/year of digestate; with
50,000 tonnes/year originating from municifidatchen/foodWwaste, and again its application was

as a soil conditioner. However, the recent UK agricultural and crapsreenents regarding
digestate applicatioto land has becoradricterwith the digestate originating from mixed waste
materials being restricted to useland restoration projects onfWRAP, 2013)

In areas known as Nitrate Vulnerable Zones (NVZ) thiedenited field spreading of nitrogen
coming fromdigestateln 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 organiorigin (Arbor, 2015)

The surplus digestate needs to be properly stored otledtweisuld result inemission of biogas

into the atmosphereand/or odour, contaminationof surface and underground water
contaminatiorof 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 Mller, 2011)

Generally, AD and digestate managenemeat separate units in Aplants even though a portion

of the digestate can be recirculated back to anaerobic digesters as in(didhateet al., 2015

Wu et al, 2017) When solid digestate is qualified as a biofertilizerforsodfi f ood t o was
f oodd c o nes the AD ofFW evithuhe resultingdigestate used as a biofertilizer for
vegetable production in a greenho(Stoknest al, 2016) This concept could be ustmt smalt

scale anaerobic digesteas small amounts of digestate @asily be utilized on nearby land

without costly,long-distancetransportation (Mouatt al., 2010).

Alternatives to reducing these costs as well as shifting the concept of digestate from a cost to a
revenue entre should be investigatédany 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 fibrigand According to

Rezaet al (2014) drying of the digestate is cumbersome and energy intensivex&ople, 2kg

of dry digestate requires 20.7 MJ of heat to dewatévidrreover the potential for ammonia
emissionds a drawback to the dryingrocesswith the need for maintaininthe temperature
constant to avoid ammonliass through volatilizatio(Pantelopoulogt 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
availabk in the United KingdomHRjgure2.15). On the othehand, mosbf 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 digestagptthe
enzymatic hydrolysis process, whidduces the volume of solid digestatedmyverting itinto

a bioliquid that can be further used to produce-toiels (\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 stepould haveto be added to the system,
implying more investment, and the ch&nefit analyis may not always bgositive. In the case

of food-based digestate, the dewatering process can be even more complex. The surface charge
properties of footbased digestates make it challenging to dewater using standard approaches.
While dewatering of foodbased digestates haopen possible through selection of the correct
polymer, polymer dose and dosing conditions still remains economically challenging @doran

al., 2015).

Pyrolysis is an alternative strategy for the management of the solid frafiia) 6f waste. It
offers the advantage of converting organic matter into chanibiand syngas in an oxygen free
atmospheréNeumanret al, 2015) Pyrolysis of the digestate froRWW can produce biil with

a calorific value as high as 13.5 MJ/kg, syngas consisting ef BHCO,, and CO, and biochar
(Neumanret al, 2015).

Concentrated Concentrated
Fertiliser Fertiliser

Balanced fertiliser Energy Recovery

redumnent uedument
e
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*Ash recovery and product development required
**Residual carbon product development required —pltin_

Figure2.15 Modified Overview of Digestate enhancement and treatment techniques. WRAP (2012).

]
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The biochar obtaiedfrom pyrolysis of digestate can also be used to immobilize metals (Cu, Pb,
Zn) in industrial soil.Gusiatinet al. (2016) showed the efficiency of thisykproduct on soil
remediation.The metal immobilization efficiency of biochar from digestate can be atdio

its high pH (8.8810.00) and high cation exchange capacity. Moreover, this type oheabaa

high fixed carbon content, 56.83.2%, hence offering resistance to decomposition in Bois
makes it suitable for carbon sequestratidrombieet al., 2013)
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However, pyrolysis of digestate posegertain disadvantages, due to the high operating
temperature, whicleould lead to crosknking reactionsbetween hydrocarbons and aromatics,
decreasing the bioil yield (Liu and Zhang, 2008)Alternatively, digestate incineration can
redue@ a significant fraction ahe volume and organic mattend thefertilizer elements such as
phosphorous, potassium and calcium present in thierb@sh caberecycled(Kratzeiseret al,
2010)

Theaveragenvestment cost for an incinerator, which depends on the economic conditions of the
country, varies from 257 (Hogyget @.72002;(WWonNdeéEmergy v p e
Council, 2016)The total investment of a pyrolysis facilisjonaverageg6 70 U/ t on year |
on 10,000 tons waste/year (Delft, 201&)ccording to Peng and Pivato(2019) from a
transportatiomoint of view, thermal conversion such as incineration or pyrolysi®re feasible

thanland use (biofertilizer, soil improver or landfill cover) &g as thehermal conversion

occurs insideghe AD plant.If that is not the casehenthe transportation fee cdrecome very

costly, since the combustedmyrolyzeddigestatevould have to be transportédm a treatment

facility outside of the AD plantPeng and Pivato, 2017)

All of the strategies for digestate managemdigcussed aboveave both advantages and
disadvantages, with the lattbeing mainly attributed to the cost associated witying the
material.Therefore, it is necessary to study alternative approaches for digestate management and
utilization options.

A recent alternatie view on this matter, suggests the adoption of the Back to Earth (BEA)
concept whose aim is tdring appropriately treated residues back to their-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., coverrrm{ Dahlin et al, 2016

Riding et al, 2015) Nonetheless, circular economy cannot achieve ambitioats gsuch as
closing the materials loop without addressing the issue of management of residues from
production and recycling pcesses, suggesting that digestate management is soiffig@ently
advancedo implementhis strategy{Cossu, 2016)

2.5.1Digestatepre-treatment and re-circulation on AD

This strategy allowsecoveryof methaneand otherby-productsand allows nutrient recycling
Although the most ommon practiceis to utilize theliquid fraction of the digestate¢he solid
fraction has also been used as discubsémlv.

Balsariet al (2009) were the first ones tproposea recirculation of digestate in the digester.
According tothem,this optioncould reduce GHG emissisrand reduce thiand areaequired
for its storage, while improving the energetic and environmental expboitat 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 digedténe AD
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plantreactorconfiguration Theresidual methane yields were also found to be glas@lrelated

to other reactor parameters, such asHidraulic Retention Time (HRT) and Organic Loading
Rate (OLR)(Menardoet al, 2011; Ruileet al, 2015) The overall effects off thdigestate re
circulation are positive varying from enhanced VS removal to methane yield, with a few studies
pointingto theunfeasibility of this strategy, aliscussed ahead

It has been shown thanh contrast tahe solid fraction of the digestatieliquid fraction is rich

in VFAs, ammonia, enzymes and bacteria, hence offering additional positive effect on the
digestion processThe concentration of each of thesemponentssaries across the different
stages of the proceg§Siegert and Banks, 2005; Yuahal, 2015; Tsafrakidoet al., 2018) Its
volume is superioto the solid fraction, beingstimated as high asiBIDO0 kg m* (Monlauet al.,

2015)

The use ofthe liquid fraction of the digestate on the Afrocessis known as dreenpre-
treatment This type oftreatment isattractingincreasing attention because it eliminates the use
or generation gfenvironmentally hazardous chemicalsdminimizes energy deman¢Elsayed

et al, 2019)

Elsayedet al (2019)testecthe effects of two differeriquid fractions of digestateicetogenesis
digestate (Bio-DAcid) and methanogenesis digestg®ioDMeth), as a prereatment for
lignocellulosic material (rice straw) and their effects on methane prodiyigilehand nutrient
recycle. The liquid fractionfrom the methanogenesighase (BioDMeth) was obtained by
centrifuging the digestate for Iiinutes at 3000pm andthe acetogenesisiodigestatgBio-
DAcid), rich in VFAs,waspreparedy partial digestion of rice strausingalkali-pre-treatment
Thepretreatmenbf the ricestraw wagerformedusing BiecDMeth and Bio-DAcid for 24 h and
48 hduring whichthe straw was left to absotbe solutionintendedto act as a digestive agent.
The treated biomass wtwenanaerobically digaedat 55°C.

According to the authorshe AD of all pre-treated ricestrawoccurred ina shorter timehanthe
controlsdue to the high anaerobitodegradability oflestroyed straw fibre®evertheless, T80
of the Bio-DAcid-treated strawwas longer than that of BieDMeth which resulted in lower
biomethane yield (208.3 and 226.8g* VS, respectively, at 24 h)he overload of VFAs
(specifically acetate)n the hydrolysateof the BioDAcid ultimately causes methanogenic
inhibition anddelayin biomethane productioand hencgaugmentation of thiechnical digestion
time by two days compared tBio-DMeth. The authorsalso reportedan increase irthe
biodegradabilityof pre-treated samples up to 55.{®o-DMeth48h)compared to the control.

The authors conclude thay recyclingthe Bio-DMeth fractionof the digestatenost ofthe
biowastewas convertednto biomethane, whichiesults in lower C@ production in a cost
effective method. TIs pretreatmentnot only reduce the CO, emission through enhanced
methanatiorbut alsocapture the residubnutrients in the digestate form biomethanewith an
additional advantage ohsing the freshwateequired for thgre-treatmenprocess.
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Liu et al (2019)tested the effects of liquid digestaecirculation andore-treatmenton biogas
production fromanaerobidigestion of wheat straw his wasbasedaspreviously discusseamn

thereplacingthe need for chemical agsnhence reducing piieeatment cost§ heliquid fraction
of the digestatevas obtainedfrom a smalscalemesophilic(38 = 0.5 °C)biogas planfed on

chicken manureand used in substitute of a chemical agent and chemicdteatenentstep.
Solubilisation andnethane yielaffectsfor wheat stravwereanalysedor treatment timesf 3,

5 and 7 dayscorresponding to Hydraulic retention tig(&IRT).

The author®bserved thatadlulose, hemicellulose, and lignin were redubg®1.64% 30.22%,

8.5% 25.99%,and 1.22%11.74% aftepre-treatmenB, 5 and 7 days respectiveAdditionally,

the authors showed the relation between the positive effethe pretreatment and the early
peak on gas production, which had a straight relghigpwith treatmentotal time. Thereadre 3-,

5- and #daystreatment reactoiimstantly reached to a peak gas production of 197 mL, 208 mL,
and 212 mL, respectivelpn the first day, and then reached the second peak of gas production of
163 mL, 181 mL, and 173 mL, respectively, on th& d8y. Process improvement was attributed

to thebreakdown ofignocelluloseand cellulosénto asmall, solubldorm, serving as a substrate

for methane production.

As well as enhanced biomethane producttbr, authors reporteah ameliorated VS removal.

The VS destruction rates of whesttaw pretreatedwith 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%7%

higher than that of the untreated wheat straw (32.25%). Thus, it was concluded that liquid
digestate préreatment improved the degradability of the rmaterials and further enhanced
metane production from them.

Similarly, Hu et al (2015)investigated the effectivenes§re-circulating theliquid fraction of
corn stovedigestate (LFDpn the degree dfiogasification of corn stover. The rationale behind
their work is hat LFD fromananaerobic digestavith corn stover as substrate carries abundant
specificlignocellulosedegradation microbesnd hence could a@t substitutionof a chemical
agentneededor solubilizing the substraté-or this reason, the substrate treated wiglitjuid
fraction of digestateould benefit from the decomposition of ligntaksic components, thus
enhancing biogas production. The LFD in this case was obtdiraayh a20-mesh sieve and
referred to as a filtratdts effects in the biogasification procesere evaluated in four pre
treatmentimes of 1(LFD1), 3 (LFD3),5 (LFD5), 7(LFD7), daysof the corn stoveimbibedin
liquid digestatesolution.

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 rediat STP) for LFD1LFD3, LFD5,

LFD7, and untreated stovers, respectively. The TBPs of thettddled corntsvers increased

by 57.370.4% in relation to the untreated/conirblevertheless,rainverse relatioship was
observed for the TBFAs the pretreatment time incresed 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 pteeatmentwhich has a detrimental effect on the consumption of soluble
substancesThisleadsto areductionof the substratevailable for anaerobic bactelfguanet al.,
2012) The pretreating time shoulthereforebe controlled to minimizéhe depletion of soluble
organic materials, thus making them aualidafor biomethane productioAnother benefit from
treatng the substrate with the LFD wasincrease in th&’S desructionwith values from 60.2
67.0%, representing 22.35.9% incrementompared to the controls

Both benefitsof the pretreatmentdiscussed aboveould be a consequence of cellulose and
lignocellulosic material degradatiohn conclusion, the abbrs determined thatn order to
guarantee the complete chemical and biological reaction while minimizing consumption of
soluble substances during greatment, 3lays 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 sauiwkscale

biogas planbelonging tahe University Hohenheim and the acidification reactor of adtage
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. Thiegaenent consisted of griddiniget by

product of AD with a ball milfor four different treatment time periods: 0, 2, 5, and 10 fime
experiment showed no losses of volatile fatty acids through warming by mechanical treatment
which is a common finding in this type of treatment. In.fawe authors reportegh increase in

the TVFAs concentration (between 9 and 15%) for most of the treated samples (the exception
were thetwo- and fiveminutetreatments of the biogas UnivergiyPlant digestate).

Mechanicalpretreatmentof the digesti alsoresulted in arincrease in methane yield for all
treated samplesThe greatesincrease wafrom thedigestate from théull-scaleplantwith 10
minutesof treatmengiving triple of the methane yielof theuntreated digestate. An improvement
of the daily methane production and reduction of thepgagse was also observed for all the
mechanicly treated digestate samples

Sambusitet al. (2015)conducted a more detailed study on the use of digestate for the production
of methaneTheauthors investigated the residual methane potesftdibestate (DIG and solid
separated digestaf8SDIG) and the feasibility ofgplying different kinds of préreatments (i.e.
thermal, thermechemical and enzymatic) in order to enhance methane produdtirand SS
DIG samples were collected from a mesophilic-fghaleAD plant fed ona mixture of maize
silage (25%), sorghum silage (11%), olive waste (11%)\ manure (8%), pig manure (18%),
turkeymanureandcoconut chips (26%)-hermal treatment was performed at 80 °C farunder
stationary conditionsAlkaline posttreatment vas conducted by soaking sampiesa NaOH
solution at a dosage oyINaOH/100g TS at A€ for 24h without stirring. Lastly, zymatic
posttreatment was conducted by usangommercial enzymatic cocktadispecially developed to
enhancédiogas production adgricultural substrate$he effects of the treatments varied great
There wasa detrimental effectafter thermal and alkalindreatments on methaneyields (a
reductionof 10i 20%) compared to thosef antreated sample€onversely, enzymatic treatment
resulted in an increas@ methane yield of 13% and 51% for -B8G and DIG samples,
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respectively.Thesefindings are in agreementwith otherwork reported in the literatures.g.
Kaparajuet al (2010)in which a decreasef methane potdials of SSDIG is observedafter
thermaltreatment performed at 80 °C foh3The decrease #tributed to changes in the chemical
composition of the solubiledd compounds (SCOD, nitrogemyeverthelessSambusitiet. al.
(2015) concludethatmethane recovery from digestatad solid separated digestate iasible
throughenzymaticpretreatmentconsidering their residual methe yields (70 NmL CHg VS
and90 NmL CH/g VS, respectively).

Digestate was also uséar the production of biwil by microwave assisted liquefactioDirect
liquefaction of biomass has attracted wide research interestl@mmass can be successfully
converted into multifoctional bicoil at lowertemperatures and in presence of solvents such as
phenol, monhydric alcohols and polyhydralcohols,and acid or basic catalyqiSoareset al,
2014; Luet al, 2015) Microwave (MW) assisteddiuefaction has been provémbe arinteresting
alternativeto conventionbheating because riesults in faster and mowiform internal heating
which acceleratgethe kineticreactionratesand increaseenergy efficiencyLi et al, 2016)

Thermal treatment was investigatby Barbaneraet al. (2018) who testedthe effectson the
production ofbio-oil from the solid fraction of digestatesultingfrom a fulkscale mesophilic
biogas plant fed on a mixture of pig slurry (%), olive poma&e (19 t/d), maize silage (196),
sorghum silage (36.4t/d) and onion scrgpigd). Glycerol (ata fixed ratio of 4:1)and 3.5%
sulfuric acid were sed as solvent together withnaaximummicrowavepowerof 600 W. The
optimum conditions for the microwave ligfaction of solid digestatgere180 °C, a solvento-
biomass ratio of 4.%or a total time of27.5 min.These conditiongavea liquefactionyield of
59.38%, a High Heating Value of 28.48 MJ/kg and amicrowave energy consumption of
115.93Vh.

Penget al. (2016)studied the effects of recycling digestate or effluent liquor omvtieatstraw
based CSTRs (Continuous stirredtank reactor) performance. Different scenarioswere
compared These werea) ro recycling of the digestaigsed as a controNR), b) recycling of
supernatant after centrifugatigRSN- retention of soluble nutrientsc) recycling of thdiquid
fraction after filtratiom (through a 0.5 mm meshfRNM-retention of nutrients and
microorganisms) d) impact of macrenutrients nitrogen (NHsHCQOs;) and phosphorous
(NH4)2HPQ;, on theco-digestion of wheat straw with sewa@SNS) e) recirculation of solution
nutrients (RSNS)and macronutrient supplemertetieat straw and, f) recirculation of
nutrients/microbes (RNMS) and macronutrient supplementesht straw.

The authorgdlemonstrated that methane production from the recycled liquor (centrifuged and
filtered liquid fractions 6 the digestate) is small compared ttee methane potential of the
feedstock (wheat straw)lonethelessyhen the feedstock was digested together with the recycled
liquor the methane yields achieved were on average 240 mlgCFb representinga 21%
improvement overthe processes withoutcycling The energy gain presented in terms of
methane yield ranged from 207 to 248 ml/g VS added

Despite the improvenme in methane production the autharticed thatover time, the processes
suffered fromdeclining méhane yields and poor stiiby. The system was timesupplemented
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with macronutrients ands a result, thdigestionprocesses with digestdiquor recyclingwas
stabilized achieving methane yields rang from 288 to 296 CHs/g VS and low VFAs
accumulation and prevalence of methanogenic Adongst the digestate -@rculation with
nutrient supplementatioscenariosthe highest yield (296 + 16 ml Gild VS) wasachieved by
co-digestion with sewage sludge plecycling of digestate ligpr after filtration (retention of
nutriens and microorganismsYollowed by macronutrient supplementadheat straw plus
recirculation of nutrients/microbes (RNMS).

The authors reported thdtom all tested scenariohid highestmethane yieldsvere obtained
from theco-digestion of wheat straw and sewage sludfjech wasattributed to the additional
micronutrients present in thiatter capable of balancinginy lack inthe nutrient content,
erhancing buffering capacity of the sysm and diluting inhibitors (P6schl et al, 2010
Molinuevo-Salceset al, 2013) Compared tomacronutrient addition (RSNI dnRNMI), co
digestion (RSNS anBNMS) showed a 17% and 28% improvement inhaeé yield.

The authors concluded thae-circulation of digestate liquocan lead to stable operation and
relatively hgh methane yield at ahort SRT compared to the presewthout recirculation.
Under these conditionepweverthere was decline in all thenainprocess parametefmethane
yield, methane production ratetg and the effects were¢herefore not sustainable. Hencthe
authorssuggestethis strategynaybe limitedto improving ADprocess performance, and would
not recommend as thaptimum operational conditiorin turn, this could be deliverddbm the
co-digestion of wheat straw and sewage slydgthout digestate reirculation

Table2.9 summarizes the prgeatment methods applieddmestate irorderto increasenethane

production. Different praéreatments methods including chemical (alkaline, ammonia),
mechanial (maceratin, ball milling) thermal (80°C, 120C), biological Eenzymes) and

thermochemicalwet explosion)have been used, witthis last oneresulting inthe highest

methane yield.

Most of the prereatment method for digestate involved sleparation of the whole fraction into
liquid andfibre. As previously stated, this strategy allows the digestate to be more valuable, since
different destinatiomcan be applied to each fraction, includimggrient recoverycomposting,

and land spreading.

The methane yield obtained from the digestate is not as high asmehieom FW, and this is
possibly related to the fact that FWiishrer in carbon content, as opposed to the digestate which
is known for having high nitrogen content. Therefore niiethane yield of digestate varied from
21- 224NmL CH./g VS.

The lowesmethaneyield value(21 NmL CH.4/g VS) was obtainedby Lindneret al (2015 when
digestate (from a mixture dfattle slurry (35%)Cattle manure (24%]rriticale and sorghum
silage (35%), Separated solid fraction (6%djquid manure (43.9%)solid manure (9%)) was
separated by a decanter centrifuge andngeted with a ball millingluring 10min.
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The highest methane yield on the other handaghgeved when thdigestate frona mixture of
manure (90%)agriculture residues (5%) and industrial waste (5%). The substrate was separated
by means of a decanter centrifuge and thentnestedin two different ways: awith wet
explosion at 180°C for 10min ar@) undersimilar conditiors, but with the addition of 6 bar
pressureBiswaset al. (2012 reported that the latt@re-treatment condition helded the highest
methane yield at 224s opposed to 2080mL CH./g VS.

Juradoet al (2013) applied the whole form ofgestate(without phase separatiofrfpm swine
manureto soak inaqueousammonia at 22C for 3 days. The AD at mesophilic conditions
heralded maximum methane yield of 200 NmL4&HVS.

Sambusiteet al (2015)usedthe whole fraction of digestaffrom amixture of maize silage (25%
VS), orghum silage (11% VSblive waste (11% VS), cow manure (8% VSY manure (18%
VS) and turkey poultry manure oroconut chips (26% VSjo undergo several piteeatment
methods. The firsbnecorresponded to a thermal greatment, where the digestate was heated
at80 °C for 1hour. In the second greatmentdifferentenzymes (cellulases and xylanase) were
used to break down the orgamnatter A final temperature of 40 °@nd a pH of Svas used in
combination to the enzymes for a period of 24 h. LaatNaOH (1% w/w)solutionat40 °C,for

24 h was tested. According to the authors, the naffitient method to enhance methane
producton and yield is the second pireatment, where enzyméroke down the organic matter.
In this case, the methane yield was 90.&#d 152%higher than the thermal pteeatment and
the pe-treatment with NaOH solution, respectively.

Most of these -treament methods are not widely adopted due to the requireimetarge
amountsof energyand special instruments, as wellaarge number ofinwantedoy-products
A chemicalfree and environment &ndly pe-treatment method is desireslg. MW (Liu et al,
2019)

Microwave irradiation otligestate hasot yet been tested, despite several stugtiesing 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 mineralizationes{2g60%) at the end of the AD process
(Park and Ahn, 2011prganic matter thustill beingavailable (TCOD and 8). Thermal pre
treatmenmayenhance the remaining organic matter solubilization further improving AD.

When analysing alternative pteeatment methods for digestate, it is important to consider the
whole fraction rather than the liquid or solid components alone. The disadvantag#igiog

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 re@sing energy and nutrients from this-psoduct.
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Table2.9 Comparison of BMP data related to untreated andpesated digestates.

AD plant feed

Digestate sample

Posttreatment conditions

BMP test conditions

Methane yield
(NmL CHd/g VS)

Ref.

Cattle slurry (35%)
Cattle manure (24%)
Triticale and sorghum silage (35%)
Separated solid fraction (6%)

Cattle slurry (33%)
Cattle manure (23%)
Chaff rice (7%)
Maize silage (33%)
Separated solid fraction (4%)

Swine slurry (76%)
Grass silage (8%)
Maize silage (16%)

Cow manure (100%)

Maize silage (25% VS)
Sorghum silage (11% VS)
Olive waste (11% VS)
Cow manure (8% VS)

Pig manure (18% VS)
Turkey poultry maure on
Coconut chips (26% VS)

Manure (90%)

Agricultural residues (5%)
IndustrialWastes (5%)

Liquid manure (43.9%)

Solid manure (9%)
Maize silage (19%)
Grass silage (21.4%)

Grain (6.8%)

Grass silage (30% VS)
Cow manure (70% VS)
Of a CSTR laboratory scale reactor

Solid fraction from swine manure

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)

SSDIG (screw press separator)

SSDIG (compression roller separation)

SSDIG (sieve separation)

SSDIG (helical screw press)

SSDIG (decanter centrifuge)

SSDIG (decanter centrifuge)

DIG

DIG

DIG

i
120 °C, 30 min

i
120 °C, 30 min

i

80°C,3h

NaOH (4% wiw), 20 °C, 48 h

Freezing (120 AC; 24 h)
Mechanical maceration< 1 mm

i

80°C,1h

Enzymes (cellulases and xylanase),
40°C,24h,pH5

NaOH (1% w/w), 40 °C, 24 h

i
Wet explosion (180 °C, 10 min)
Wet explosion (180 °C, 10 min, 6 bar O2)

i
Ball milling, 10 min,eight ball of 30 mm diameter

i

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%wi/w) of 40% NaOH solution, 35 °C, 65 h
NaOH (6% w/w) of 40% NaOH solution, 35 °C, 65 h

Aqueous ammonia soaking 22 °C, 3 days, 32% (w/w) ammonia

i
80°C,1h

Enzymes(cellulases and xylanase), 40 °C, 24 h,
pH 5

NaOH (1% w/w), 40 °C, 24 h

40 °C, 56 days

35 °C, 30 days

35 °C, 65 days

38 °C, 50 days

37 °C, 35 days

35 °C, 118 days

37 °C, 3550 days

35 °C, 65 days

157 7
176 £5

117 +11
98+5

715
154 +21

61+5
48 £ 2
61+1
47+1
51+2

90+1
79+7
102+6
81+3

111+11
200+ 7

702
57+2
106 +4

42 +12

Menardoet al (2011)

Kaparaju and Rintala (2005)

Sambusiteet al (2015)

Biswaset al (2012)

Lindneret al (2015)

Jagadabhet al (2008)

Juradoet al (2013)

Sambusitiet al (2015)

Source Sambusiét al, (2015
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2.61dentified researchgaps from published literature - summary

The literature reviewnasidentifiedthe following research gaps:

1)

2)

1.3 billion tonnesannually 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)n the UKthe annuaFW arisingfrom households, hospitality
andfood servics (HaFS), food manufacture, retail and wholesale sectors in 2018 was
around 9.5 million tones with over 85% (by weight) of this wastgenerated in
household§WRAP, 2020. The use oFW in Anaerobic Digesrsto produce methane
is not a new and previous studies have shown that in moststatedigestion produces
satisfactory resultdNevertreless,t has also been found thahen treating=W samples
high in lignocellulosic contentow methane yields (560% of the theoretical maximum
value) are obtaine@Marinet al, 2010Q. Thislimitation can be circumvented by adopting
different feedstock prereatments inclding microwave (MW)rradiation, whichbreals
weak hydrogen bonds and has the potential to make coroaric molecules unfold
and become smaller, thus promoting solghifion and making them more readily
biodegradableAlthough this pretreatment has been previously testedVWi (Marin et

al., 2010, Shhriari et al, 2012,Zhanget al, 2014)studies are still scarce and more
information is needed to optimize the procdssthe work presented herdifferent
operational conditionffinal temperatures and ramp ratagdtestedon both soluble and
whole-fraction FWs and themain factors affectig methane productioare determined.
As a result, further information on microwave operational condifevill be reported
andan alternative route fdFW to landfill (globally responsibldor 3.3 x 109 tonnes
CO2eq. yearl of greenhouse gasnissions (GHQ)(Salemdeelet al, 2017; Fisgativa

et al, 2017)will berecommended

With theincreasing adoptioaf AD around the globe as an alternative metioogenerate
both energy and byroducts from different types of waste, there has been a significant
increase in the amount of digestate produg@edrry and Pillay, 2012)The digestate
originating from AD ofFW arisingfrom postconsumer staggsatering and households

- the latter being ponsible for 8.@onsof FW generatd in the UK for the year of 2@&)
has principally beensedas asoil amendment (WRAP, 2018Jhis traditionalroute is
nowfaced with some restrictigmue to a) thespreading windovbeing limitedto certain
times of the year (i.e. not allowed in winter) #ordthe landalready beingnutrient
sufficient, b) agriculture demand for nutrient supply fluctogtduring peak crop (e.g.
beginning of spring), ¢) land application of digestate in some aaseingan option
due tothe riskover saturang fields with phosphorusral nitratesFurthermorehe rising
costs associated with its transportation and spreading has created the atethfdive
utilizations or destinations afigestate (Wellingeet al, 2013,Neumannet al,, 2016)
The recycling of digestate fromAD of lignocellulosic material (rice straw and corn
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stover)into AD hashadpositiveresults (especially regarding recovery of energy in the
form of methane) and for this reason is considardmba promising alternative rougeiu

et al 2015 Elsayedet al,, 2019, Liuet al, 2019. The effects of resirculation of digestate
(of differentvolumeg from FW from the posttonsumer phasen AD will be discussed
The use othis material in théAD reactorsprecludeghe need for watesdded to fresh
FW, hence offering a sustainable option for scéliqgthe process.

Several prdreatment methods to enhance methane recdveny digestatehave been
tested, includingnechanical, thermal and chemical treatmeKisp@rajuand Rintala,
2005, Balsariet al, 201Q Menardcet al,, 2011 Biswaset al,, 2012, Lindneet al, 2015).
However,to the best of our knowledge, microwave irradiation as arpegment for
digestate prior to AD has never been tested.ratienalefor this strategy is the success
of microwave digested slgé and the recovery of methane coupled withfdoe that
digestate has similar propertiessludgesuch as the incomplete mineralization stage (20
60%) at the end of the AD proce$is offersthe potential forbioenergy recovery (Park
and Ahn, 2011). fie whole fraction of the digestatepre-treated and then +&@rculated

in the AD. Theeffectsareinvestigatef the resulting potentially energetically favorable,
closed systemSuch a stratggalso avoids costs and environmental impadtsat the
utili zation ofonly one of thefractions,liquid or solid would incur

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, sua) esduction of the fial volume of
digestateh) energy recovery from two current substrates of environmental cofdén:

and digestate, ultimately offering an alternative management option for them. The
combination of microwave prgeatment on digestate and itscieculationon the AD for

the production of energy comprises the novelty of this research.
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CHAPTBEBR

3. EXPERIMENTAL METHODOLOGY AND ANALYTICAL
METHODS

This chapter provides a detailed description of the mégesiad methods used in the various
stages execat as part othis research. The methods are arranged in four parts corresponding to
the four research objectives.

1 Characterization of Food Waste, evaluation and comparison of biomethane potential
underdifferent I/S ratios

1 Thermal treatment (microwave irradiation) of food waste: influence of final temperature
and heating rate on the biomethanatdW under MAD conditions

1 Microwave thermal treatment of digestate: influence of final temperature battate
concentration on biomethanation of FW under MAD conditions

1 Integrated study of mass and energy balance of the mesophilic anaerobic digestion of
pretreated substrates (food waste and digestate).

3.1 Materials

3.1.1Seedinoculum

The inoculum usedh this study was obtained from a mesophilic anaerobic dig@gt&b),

treating sewage sludge™to r k s h i r EshoKWaste Wdies Treatment Works (WWTW) in
Bradford (West Yorkshire, UK. This is the secondbrgest WWTW in Yorkshire serving
approximately 760,000 people in the Leeds and Bradford régi@gyon Bricefio, 2018) This
inoculum was consistently used to seed anaerobic batch reactors to test the Biological Methane
Potential (BMP) of tk tested substrates.

Before eactBMP test,this inoculum was passetthrough a 1 mm sieve to remove any large
particles or grit. The only exception was whendhelimatised inoculum (seed) from a particular
BMP test(e.g.,BMP of microwaved FW at fastheatingrate)wa s i r dntow subseqlignt
test (e.g.BMP of FW at a medium heating rat@psieving was notequired After sieving, the
seed was incubated at 37°C.

Acclimation of the inoculum with raw/untreatedFW occurred prior toBMP tests at a
concentration of 0.34-yS/L-day. However, on one occasion (BMP of FW microwaved at a slow
heating rate) the inoculum was collectsmbn beforea BMPtestsetup and no acclimatization
with thesubstratevasconducted

Since thetotal set of BMP testsvere carried oubver a long period of timethe seed was
characterizeaegarding its main physicghemical propertiegaccording tosection3.2.1) two
days before each BMP sap.
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3.1.2Food waste

Food wastevas collected from theniversity of LeedsRefectory Figure3.1a, b) Leeds, United
Kingdom. The refectory serves approximatel)@0 customers per day, with an estimaft&d
generation of 36 kg/day (Personal Communication, June 2017)

The collectionof FW occurred over five consecutive days and sasgsesisted of mixture of

both plate waste (from the eating areB)g(re 3.2a) and kitchen wasté~igure 3.2b), thus
designated Composite Food Waste (CFWW s ampl e col |l ected from t
is assumed to reflect the dietary habits of the typical UK household.

Figure32Food waste collection: (a) from customerds pl

The samples wereollected on the same day they were discardeccasnmendetty Zhanget

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 §dahereby segregating inorganics from organics. The
inorganics were discardeBi¢ure3.3a, Figure3.3b).
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Figure3.3 (a) sorting of the collected food waste, (b) sorted food waste in organic and inorganic fraction.

SortedFW substrate was thoroughly mixeeigure3.4a), chopped and ground with a mincer. To
allow further substrate size reduction and better homogenisation, the sample was blended with a
food processerHigure 3.4b). During this process, no water was added, so that the moisture

content would not be affecteBigure3.4c).

Figure3.4 (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 a20°C until required for the experiments. However tag from each sample was
stored at 4C (fridge) in order to carry oatcompleteharacterisationf 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 addedeitess 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 WWWInstead,ie dgestate

used in this study was generatddng the experimental phasetbis research, more specifically
during themesophilic anaerobic digestiafi microwavedFW after a period of 28 days, te

Public Healthaboratory &choolof Civil Engineering, University of Leedsht the end of each

run of BMP test with microwaved FWas a substratehe digestate samples were collected and
stored at-20°C.Once thisexperimental step was finalizetthe stored samplesanedefrostedat

room temperature analeatory mixedThe prepared samples weagainstored at20°C until

further characterization and BMP analyBigure3.5.

Figure3.5 Mixed digestate for MW préreatment.

3.2 Methods
3.2.1 Foodwaste,seed anddigestatecharacterization

Total Solids (TS), Volatile Solids (VS), Suspended Solids (SS), Volatile Suspended S8&)s (V
and total phosphorous for th&W, digestate and inoculum were examined according to the
standard methods of APHA (2005) ardet al (2013)(Table3.1).

Table3.1 Methods for feedstock and seed characterization

Analysis Method
TS, VS, SS and VSS 2540B, 2540E
Phosphorous 4500P

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 determitmogeni content using

the Kjeldhal method (456Nlorg B), using a Buchi distiller in the distillaticatep Eigure3.6),

and the lipid content by acid sdiilisation and extraction as described in AOAC Method 945.16.
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(Figure 3.7). Carbohydrate values were obtained by the differential method; subtragiithg li

protein, ash and moisture content from the total weight of the samples

Figure3.6 Kjeldhalmethodfor nitrogen content Figure3.7 Preparation foLipid method.

Volatile Fatty Acids (aceticpropanoi¢ i-butyric, butyric, valeric and-valeric acid) were

obtained by centrifuging the sample for 5 min at 153.7 g, and filtering the supernatant \Rith a O.

um filter. The filtrate was then analysed for VFAs using a gas chromatograph (Agilent 7890A)
equipped with a flame ionization detector (FID) and NORDION-38 column, with a 25 m

length, 0.32mm internal diameter and 0.5 pum film thickness. Operatingtionsdvere: injector
temperature 150e€eC; FI'D temper at-ul4@e Q40 Ce C/on
1402 00eC (40eC/ min) with helium as a carrier
was used focalibration Figure3.8).

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 8@ solution, until thepH reached 4.5, using
a Mettler Toledo TSO.
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The concentration of the various trace elements and metals ofVthand inoculum was
establishedby microwaveassisted acid digestion (nitric acid and hydrogen peroxide), using
MARSXpress apparatus. Ammonia, Total bound Nitrogen (TNb), and Total and Soluble
Chemical Oxygen demand were determibgtHACH 39000 AP Robotic Water System with the
LCK 302,APC 338, LCK 514 kits respective(frigure3.9).

Figure3.9 HACH 39000 AP Robotic Water System at Civil Engineetiadps Leeds University.
3.3 Biochemicalmethanepotential 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 diestbut

et al,2011) In this study BMP tests were madeFd and digestate following thermal treatment
(microwave irradiation) and for untreated/raw sam##&¥ and digestate). These were conducted

in batches using 500 ml Duran bottles, with 400 ml working voluméeiumesophilic condition
(37°C).

The desired temperature was maintained by means of a water lyadint @ the Bioprocess
Control automatic methane potential test system (AMPTS II), located Rutiie Health Lalin
the School ofCivil EngineeringUniversity of Leeds.

In addition to the water bath for temperature conifagure 3.10a), the AMPTS Il instrument
consists of two other main units: a bottle holder with 15 small bottles (80 ml) containing a CO
removal solution made from NaOH, ensuring only biomethane was redgBigure3.10b), and

a flow cell unit responsible for measuring the volume of biomethane produced by each reactor by
the displacement of each c@figure3.10c). The volume of biomethamgenerated during the test

is recorded by the equipment software.

The solution in each reactor (Duran bottle) ixed 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 degradati(®rowne and Murphy, 2013)

Figure3.10 AMPTS Il equipment used to monitor methane generation during this research. (a) ater bath
and Duran bottle§ reactors, (b) NaOH solution for CO2 scrubber solutiard &) cell
displacement unit. Picture: Browne and Murphy (2013).

3.3.1BMP testmonitoring protocol: sample collection and processing

For each condition tested, triplicates were assemlasdyell ascontrol (substrate without
thermal/microwave treatmen@nd blank (inoculum only) samples Throughout theBMP
experimental work, samplegere collectedrom each reactor, including blanks and controls, on
day 0, 2, 4 and 7. After this, sampling was carried oue aneveek, until day 28 (last day of
digestion)

Samplesfrom each reactowere analysedcluding thefollowing: pH, alkalinity, soluble and

total chemical oxygen demand, ammonium, total bound nitrogen, total volatile fatty acids, as well
as total and vaittile solids Table3.2). Due to the small working volume of the reactor, the total
sacrificed sample volume for the duration of the BMP test wasatestriFor 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 waonducted irriplicate.

Daily methane productiooy volumefrom each reactor was automatically measured-epakrted

at normal conditionsStandard Temperature and Pressure (STP) condaiddfC and 1 ATM)

by the AMPTS lIsoftwaresystem.Cumulativemethanevolumeswere correctedby deducting
the methane volume originating from blamkactors containing inoculum/seed but not substrate
Methane yield were normalised against the total amourdudistrateadded a®/S (Equationl).
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© W (UEAIA (1)

Where BMP = Biochemical Methane Potential (ml4£H/S added)yCHs= Volume of methane
produced in the reactor (m§,CHasblank = Volume of methane produced by the blank reactor,
Mass of substrate = Ma ofsubstrate in terms of g8/added in each reactor.

Table3.2 Gantt chart for monitoring samples from BMP tests.
PARAMETERS EXPERIMENTAL SET UP - DAYS

‘O ‘l |2 |3 |4 |5 |6 |7 |8 |9 |lO|1l|12|13|l4|15|l6|l7|18|19|20|21|22|23|24|25|26|27|28

VFAS

pH

TCOD
SCOD

VS

TS

TNb
AMMONIUM
ALKALINITY

Thetotal digestion period was 28 days, or the period by which the daily megihashéction had

fallen to less than 1% of the total cumulative methane (produced by the reactor since the beginning
of the experiment) (Nielfet al, 2015).

3.4 Dataprocessingand statistical analysis

3.4.1 Solubilisation

The degree of solubilisation of the compo&i# and digestate before and after thermal treatment
was determined as proposed Ib§pez Torres and Espinosa Lloréf008) 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 exprességnataoam of the total
chemical oxygen demand (TCOD) as defined indfpn(2):

% Solubilization =———— -100 (2)

where SCOD, soluble chemical oxygen demanrfinél and tinitial, mg/L) and TCOD, total
chemical oxygen demandifitial, mg/L).
3.4.2 Theoreticalmethanepotential (TMP)

The theoretical methane potential was estimated accordBgsteell and Muelle(1952)andLi
et al (2013)as presented iequations(3) and (4). The Theoretical Methane Potential (TMP)
calculated irthis study was based on the Elemental Composition (C, H, O, N, S) of the feedstock.

According toNielfa et al (2015) the atomic composition of the waste material together with its
ammonia and protein contents offer a fast method for detemgnihenmethane 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 thigeoreticaimethane potentialalue. In practical terms, therefore,
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the theoreticainethane potentiahethod TMP) will over estimate methane production in most
cases.

#(/1 .3 A - - — -(19 - - - — - A - - — —# 1. &3(3

"0 .0, #IC6 3 &7 (4)

where n, a, b, and c, represent the molar fraction of the Carbon, Hydrogen, Oxygen and Nitrogen
respectively.

3.4.3 Anaerobicbiodegradability

Sample biodegradability was determined usingdign(5):
PAET AACOA hAAE+HESU (5)

where VCH, 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 degraetl (Penaucet al,, 1999 Speece, 2008).

3.4.4 Statisticalanalysis

A kinetic analysis of the methane productimas alsoconducted. The modified Gompertz
(MGompertz) growth model, Emtion (6), was used to fit the methane production curves,
following Zwietering et al (1990) in order to estimate the lag phase and maximum specific
methaneyield for each assay, using the OrigPnd® 2016 graphical and statistics software.

U 6A@PA@B—1 0 »p (6)
Where y = Cumulative methane yield (n@H./gVSadded}ime dependent
A = Maximum methane yiel{mLCH./gVSaddej at timet;
um = specific methaneigld per day (mLCH(g*VSaddeddDay?));
&= Lagphase Days);
e=exg1l).

Origin-Pro® statistical package 18 was also used tonddNOVA one-way statistical analysis
to evaluate the significance of the different operational conditions on the solubilisation of organic
matter and methane yiald
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3.5 Objective 1: Characterization of food waste, evaluation and comparison of
biomethanepotential under different I/S ratios

A flow chart of the experiment design fObjective 1 is show ifrigure3.11.

Food Waste Collection

/ \ [ BMP tests ]—’ Optimum I/S and P.S
Kitchen Customer's A
area plates

Inoculum to Substrate
ratio (I/S)

31

[ Food Waste Sorting ] 211

11

/ \ F Y
Organics Inorganics ‘ Optimum P_S ‘

:
| B

[ Processing

T ]

Mixed F.W Particle size (P.38)
Blended 4’[ Characterization ]—p 1mm
Sieved 2mm
5mm

Figure3.11 Experiment flow chart foObjective 1

FW was collected ancharacterizeds described in sectioBdl.2 and3.2. A total of three particle

sizes were accessethe first PScorresponded tthe undersize of the processaimple from 1

mm sieve, the second PS was the undersize of the prosssapte from a 2 mm sieve and the

last was the homogenised sample gfteces s i ng wi th PS O5 mm; havir
from a 5 mm sievelhe desired PS were obtained by sieving the homogenised food waste sample
through the respective sieve sizes with manual application of pressura disingnetal barThe

choice for thes®Swasmade based on the following literatdinedings: PS below 1 mm could
encouragénigh VFA concentration, due to enhanced acidogenesis, while at high@be®e 5

mm) the biogas yields atd be lowered due to poor fe#dckdegradabn (Izumi et al, 2010)
Subse@uently, a first trial on the MB 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 anaerobidatiggstwW was
determined by mixing substrate and seed in different proportions based on a Volatile Solids (VS)
content Table 3.3). The I/S ratios testediere selected based on previous works reported in
publishedliterature, which suggestthat a low I/S ratio value (<) is insufficient for rapidly
degradale substratem a batch tegfXu et al, 2003; Nevestal., 2004; Wuet al, 2011) A low

I/S ratio ( 30.5) increases instability in the anaerobic process, causing high COD content in the
effluent and accumulation of volatile fattgids (VFAs)(Raposcet 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 an&igyre3.11).

The inoculum and substrate were placed and mixed in Duran bottles and distilled water was added
to completea total volumeof 500ml in all reactors. 100l of the mix was then removed for
analysigday 0), so each reactibad & initial working volume of 4001l. The bottles were flushed

with 100ml of pure N gas using a syringe to ensure anaerobic conditions and thereeatdr

was capped tightly with a rubber stopper.

Table3.3 Total Volatile Solids concentration for each 1/S rdéeted

Inoculum Substrate Volatile Solids
I/S ratio PS (mm) concentration Concentration Concentration
(gVSIL) (gVSI/L) (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 4001 working volumein each reactor.

The calculation of the required amount of both seed and substrate was determinedusingEq
(7) and (8), respectively.
6 IEICR A A (7)

6 3E A kA OOA (8)

Samples were monitored as described in seclidl. The results regarding tlogtimum
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: Thermaltreatment (microwaveirradiation) of foodwaste: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 treatmefimicrowave irradiationof FW prior to the anaerobic digestion process was
investigatedas a strategy to enhantéomethane proddion. Microwave irradiation of the
feedstockwas chosen based on the existing literature which suggests it is an effective way to
circumvent the welknown limitation of the hydrolysis step on AD perftance(Figure3.12).
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A flow chartfor experimenbbjective 2 is show ifigure3.12.

Food Waste (whole fraction) (/ \
I Microwave Operational conditions
Optimum P_S Heating Rate  Final Temperature (°C)
7.8°C/min 85,115, 145,175
+ 3.9°C/min 85,115, 145,175
1.9°C/min 85,115, 145,175

Microwave
[ pre-treatment I \ j

Optimum I/5 ratio

BMP tests h
Solids fraction
remaoval
l F 3
h 4
Optimum M.W Poor Process performance »| Food Waste Soluble
Operational conditions 175°C at all heating rates Fraction
BMP tests

Figure3.12 Experiment flow chart for objectiva.
3.6.1 Microwave pre-treatment conditions

A laboratory scale STARTSYNTHnicrowave ovenRigure3.13a) was used for tHeéwW thermal
pretreatment step. The equipment has a maximum power output of 2.4 kW, operating at 220 V.
The equipment consists of 20 sets of quartz vedsiglsre€3.13b) and a safety shield with springs

and capsKigure 3.13c), providing protection fronexplosion.It also eliminates volatile losses

from the treated samples.

Eachquartz vessel was filled withg2of food waste (composite sampleégved through a 1mm

mesh and @l of distilled water. This resdts in a 10% solids solutiofrigure3.14). The addition

of distilled water to the sample before microwave treatment decreased the solid frontent
approximately 32% to 10%, thus transforming the sample from a thstie nto a less visos

liquid.

The choice of a wet digestion (characterizeé lmw solids concentration of 0.556%) was based

on several factors including: a) preventing adhezeicsolids 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 (soli(i®talgoncen
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2011) According to Toreciet al. (2010) moisture content of organic wastes sudo@dwaste
affecs MW pretreatment efficiencywith higher water content increasing the effectiveness of
pretreatment, hence corroborating the effectiveness ofligestion.

Figure3.13 (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 plezéte STARTSYNTH equipment.

Figure3.14 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 threeheating 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 Zhatal (2016). Once the final temperatusesre reached, the
samples were held at such temperature for 5 minutes, referred to as the hold time. All the existing
studies of microwave irradiation &\W have used a hold time of 1 minute. A longer hold time

was chosen in this study to investigate effect on methane production, solubilisation and
biodegradability of thé&W.

The final temperatures were selected based on the existing literature and the equipment suitability.
The STARTSYNTH oven has a temperature limit of 350°C. Matial (2010) andnoueet al
(2002)showed that temperatures under 175°C, lead to higher COD solubilisation compared to the
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controls. In contrast theffectiveness 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 wasteslingckitchen wast and
sludge, at temperatureg@°C are not effective in enhancing biogas produdtihamchoet al,
2007, Prorot et al, 2011 GonzalezFernandezet al 2012). Furthermore, there is scarce
information available regarding the process performance at temperatures <100°CgZalang
2016). For this reaspB5°C 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 equati(®), plus, the hold timéthoid) which is the time the
samples are exposed to the final temperaflabl€3.4). It is important to mention that the initial
temperature was assuntede room temperature (20°@nd tramp as well as Ttotale reported

asapproximag values.

trampwas calculated as folws:

tramp: —J_ (9)
based on a 5 mindy (20
Total = tramp + thold (11)

Table3.4 Operational conditions tested on food waste samples

Final Temperatures

Microwave Operational Conditions

85°C 115°C 145°C 175°C
o tramp 8min 12min 16min 20min
§ thold 5min 5min 5min 5min
~ Tiotal 13min 17min 21min 25min
a tramp 16min 24min 32min 39min
§ thold 5min 5min 5min 5min
@ Total 21min 29min 37min 44min
a tramp 34min 50min 66min 81min
§5 thotd 5min 5min 5min 5min
- Trotal 39min 55min 71min 86min

After each application of microwave heating there was a cooling time of approximately 10
minutes. During this time, the sample temperatieereaseto room temperature by a cooling

fan. The cooling of samples to room temperature is a precautionary measwad loss of
volatile solids when opening the vessels to remove their content. Nevertheless, sample loss



72

(volume reduction) especially at higher temperatures (145°C and 175°C) occurred, indicating
solids losqFigure3.15a).

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 afte
thermal treatment at high temperatursier this finding, the microwave FW sample generation
method wasadjusted, by determinindgpé VS/TS loss for each combination of final temperature
and heating rate and then corimegbeforethecharacterization and BMReps This was to ensure

the desired VS loading in each reactor. Phecessecdamples were analysed as described on
Section3.2.

4 1 (@ (b)

Figure3.15 (a) Sample loss/volatilization and @aaation 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 Experimentalfactorial designfor BMP testsof MW FW

In order to determine the best operational cond{itombination of final temperature and heating
rate)for methane production from MW FVe,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 (Table3.5).

Table3.5 Factorial design for the microwave thermal treatment of food waste.

Factor 1 Factor 2 Factor 3
Inoculum to . . .
substrate ratio Pa_rt|cle Final Heating Exposure time to M.W irradiation (min)
size Temperatures rate

(1/S)

85°C 115°C 145°C  175°C

7.8°C/min 13 17 21 25

Optimum Optimum 85°C
115°C 3.9°C/min 21 29 37 44

145°C

175°C 1.9°C/min 39 55 71 86
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The BMP tests were assembled accordingetttion3.3, following the same calculation for seed
and inoculum amount as Section3.3.1. Control samples were added to this experimental step.
The control samples were ratbjected to any microwave irradiatidgrence containing untreated
FW, as well as inoculum and distilled water.

By virtue of the FW sampling and processing step] FW samples were considered
representative, homogeneous and consistent in terms of ghstséraical characteristics. A
single set otontrols (untreated samp)esas therefore consideradfficient all the experiments
relating to microwave preeatment. All the experiments were conducted in triplicate including
blanks and control reactors.

3.6.3Solublephaseof FW assessment

After performing the BMP tests on the microwaved, it was noticed that samples treated at
175 °C regardless dhe heating rate exhibited the poorest process performance with lowest
methane yields. The formeould be a consequence of the formation of inhibitory compounds for
the methanogenic population such as melanoidins and humic acids é€¥&li2010). Therefore,

a complementary experimental step was added, consisting of analysing the biomethara potenti
originating from the soluble fraction of microwav&dV 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.

3.6.31 BMP testsusing soluble fraction of food waste

FW samples were treatedthe desired temperatuamd heating ratg§.8, 3.9 and 1.9°C/min
themicrowave Control samples were prepared with raw/untre&ét

An Eppendorf 5810 centrifuge from Sigma Aldrich wased to separate the solids from the
solution fFigure 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 microw&W fported

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 pm membrane to remove any colloidal solids btadnoonly the supernatant
(Figure3.16b).

The final samplesTable 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
Section3.3. and the process performance analysed as descriBedtion3.3.1.
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Raw; 85°C 7.8ramp; 7.8°C/min; 3.9°C/min; 1.9°C/min.
e = = = = e

(b)

Figure 3.16 (a) Eppendorf 581 centrifuge used in the phases separation, (b) centrifuged and filtered
samples.

Table3.6 Food waste solutiomolumebefore and after solid and liquid phases separation (centrifuging and

filtering).
Soluble F.W Sample Volume | (ml) Volume II (ml)
175°C 7.8 ramp 521 40.5
175°C 3.9 ramp 524 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. Ilaftercentrifuging and filtering.

3.6.4 Soluble FW samples characterization

After phase separation, the samples were analysed, using the methods desSebiah®.2.1,
for the parameters describedSection3.3.1.

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 strland regulations, land shortages, rising disposal costs (including
gate fees) amongst othe(®Vei et al, 2003; Zhanget al, 2016) Therefore, alternative
management methods are being investigated in order to reduce the volligest#dte 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 @%) at the eth of the AD

process (Park and Ahn, 2011), and hence retainindu&sorganic matter (TCOD andSy.

Thermal pretreatment could enhance the remaining organitensolubilization improving B.

Despite this, in order to enhance the efficiency of the eabptocess (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 welknown low C/N ratio (6 8) of the digestate. This can be achieved by combining the
pretreated substrate witmtreated=W (C/N 10.9).

The objective here aimed to investigate the biomethane potential from the whole fragtitn of

when coupled with the reirculation of microwaved treated digestate under different
temperatures and concentrations in order to etalihe possibility of enhancing energy recovery
and biodegradability.

Differently from FW, he final microwave temperaturésr treating digestatevere 75, 95 and

115°C. The chosen range was based on the literature and previous work that stated that lowe
temperatureghan the ones used to great FW are sufficient to promote organic matter
hydrolysis and methane yietthhancement (Zherat al2009andEskiciogluet al 2007)

The lowest temperature of 75°C was selected after considering previous work on the microwave
irradiation on sewage sluddprimary and activated) tBhenget al (2009)andEskiciogluet al

(2007) These work states that the treatmiennefficient with respect to methane production and
biodegradability at temperatures below 60°C.

The highest temperature of 115°C was chosen based on the whokeafet al. (2009)which
reported poor process performance at both single and dual stageos¢imious mesophilic
anaerobic digestion of waste activated sludgetq@ated with microwave irradiation at 175°C.
An intermediate final temperatur@5°C) was chosen half way between the highest and lowest
final temperature. A single heating rate (ramp time) was adopted since previous (Zhdres

et al, 2009; Eskiciglu et al,2007) demonstrated that heating rate was not a significant factor
affecing the solubilization and biomethanation of treated sludge.

A heating rate of 1.4°C/min was chodmsed on the work from Eskigjlu 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 apbli¢t@atment,

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 objectiverthelfimore, in order to allow a
better comparison between the microwavetpgatment ofFW and the digestate, the optimum
condition for methane generation uskigy/ (85°C, 7.8 ramp) was also applied hdfmg(re3.17).
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A flow chart for objective 3 is show below.

Food Waste (whole fraction)

l

Digestate Volume
OptimumI/S ratio 25%
and P.S 50%
75%

T

Optimum F.W M.W
Operational conditions
85°C 7.8 ramp

A

S Final Temperature
i i 750C
Digestate Microwave 15¢
pre-treatment
115°C

Heating Rate 1.4°C/min

r 3

BMP tests

~

[ Microwave Operational conditions

S

Figure3.17 Schematic representation ©bjective 3.
3.7.1 Microwave pre-treatment conditions for digestate

The digestate used in this experiment phase was obtained as descriieaion 3.1.3. A
permanent malfunction affected the STARTSYNThicrowave equipment, which resulted in it
only being able t@erformpartof the planned experimental conditions However, a CEM Mars
Xpress Microwave oven became available whiegts usedo complete this stef-{gure3.18a).

The equipment has a maximum power output ok\W.2It operates with a power supply voltage
of at 240V and has a microwave output frequency of 2444 MHz. The differences between this
microwa\e equipment and the STARTSYNTHre listed as follows:

(a) the vessels were sealed with a safe membrane as well as newigaps3.18b, c) which
were tightened with a screw drivéfigure3.18d) reducing the likelihood ofolatile losses;

(b) the maximum pwer used in this case was 1¥00determined 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 irradiatiomligestatdad 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 G/t (Figure

3.19). Nevertheless, the total exposure time for microwave irradiabasidered here, included
phasel.
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Figure3.18(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 eiéved 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 sHaedealed vessels were
placed on a carousel inside the microwave oven which rotated the samples so the irradiation and
heat were evenly distribute@figure3.20a). The temperatures inside the vessels were estimated

by a single temperature probe place inside one of the veBiplsg3.20b). After eactrun 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 ptecat digestate.

The parameters and methods were analysed as described in s82ie®d). Subsequently, all
the samples were labelled andrsd at 4°C until required for characterization and use in the BMP

tests.

Figure3.20 (a) Microwave carousel, angh) temperature probe placement inside microwave vessel.

3.7.2 Experimental factorial designfor BMP of MW digestate

In order to determine the best operational condition (combination of final temperature and heating
rate) for methane production from MWigestatea multilevel factorial design was used in this
experimerdl phaseThree variables: final temperature, volume of treated digestate and final
exposure time to MW irradiatiowere usedallowing the principal factors affecting process
performance (including methane yield) to be asses$atl€3.7).
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Table3.7 Factorial design for the microwave thermal treatment of digestate.

Factor 1 Factor 2 Factor 3 Factor 4
Final Temperature (°C) Heating rate(°C/min) Cc;?g:tgtéaéliggé::t)em Exﬁ?;:g?aﬂig??n:?n;vl'w
75 53
25
95 14 62
50
115 75 81
85 7.8 16

3.7.3 BMP testsfor the Re-circulation of the Microwaved Digestate

In order to test the impagdf re-circulating the treated digestate on methane production from the
whole fraction of raw/untreatde\W, similar amountof FW was added to eaakactor as in the
preceding experiments: 8.0 g (5.0 g V&)L mm particle size. The inoculuraéed contenbf

each reactor was also calculated based on a 3:1lastahlishedsthe optimuml/S ratiofor 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 distille@ter 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 poportions 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 (Shaiatil), and/or to
complete digesters volume3ne of the few re@lvant studies was published $unet al (2010)

who evaluated the potential for integrating AD into a wateycled cassava bioethanol process.
The benefits observed frora-circulating an engbroduct insubstitution for fresh water has been
reportedbeyond process improvement (i.e. positive immaggeast growth, enhanced microbial
biomass inventony 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 samplesof BMP tests with MW digestate

The biomethane productidrom the recirculation of digestate into the MAD &V was assessed
as described in secti@?3 and the process performance monitored as described in s28tibn

3.7.3.1.1Monitoring bacterial concentration via volatile suspendedsolids during the
re-circulation of MW digestate into the MAD of FW

According toMawioo 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 (Tanget al, 2010; Tyagi and Lo, 2013Yhe northermal effects cause disintegration by
breaking hydrogen bonds, which is attributed tordq@dly changing dipole orientation in the
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polarized side chains of the cell membrane macromole(Béask et al, 2003; Parlet al,, 2004
Tyagi and Lo, 2013; Serrarat al., 2016)

Microwave pretreatment of the digestate could have an analogous (detrimental) effect on the
bacterial population, and for this reason volatile suspended solids ZSSised as a monitoring
parameter for changes ithe bacterialconcentrationbefore (control samples), and after
microwave prereatmentas toevaluate the influence of MW pteeatment on bacterial density

and correlate with procesgerformance.The monitoring of this parameter waaso done
throughout the digestion process: at day,,,4.4, 2land 28.

3.8 Objective 4: Integrated study of mass andenergy balance of themesophilic
anaerobic digestion ofpre-treated substrates food waste anddigestate)

Despite the enhancement of AD, the-reatment methods available for solid wastes (e.g. food
waste, sludge) are not always economictdbhnically viable especially when assessing its
applicability at an industrial sca{€arballaet al., 2011;Ariunbaataret al,, 2014) This objective
assesses the feasibility of the integrating anaerobic digestion and microw&eaprent of both

FW and digestate by calculating mass and energy balances based on the experimental results. The
energy requiremnts of the microwave equipment associated with each of the operational
conditions (combination of the final temperatures with a ramp rate) used in thregiment

phase of botlW and digestate were estimated as described next.

The STARTSYNTH microwawd used for the thermal treatment BW 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 mdémum 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 digestated voorke
continuous mode and therefore, the maximum power reached was the one chosen at the
programmingstep (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 ofdakedaiment as follows:

a. Upper bound on energy balaiicensidering the minimum specific energy
(energy per gram of substrate) that could have been supplied to the subgjrate (E
is given by the product of the substrate specific heat (s) and the temperature
through which it is raised §, i.e.:

% ig

s for the digestate is assumed be that of water (i.e. s = 4.2 kJd/kg/° C). This is a conservative
estimate of the Erequired because water will have a higher value of s than thevaien
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 specifi¢ theat o
mixture. In this senseHepresents a realistic, estimate of the minimunthat 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 boundi considerig the maximum E 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 (g¥SThemaximum E,
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 LY). These both represent over estimates;pfrEthe 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 maximumossible power capable of being produced by
magnetron was delivered the substrate continuously throughout the test. (The
degree of oveestimation is greater for the second oven.) It is in this sense that
the use of k so calculated represents a lower bibon 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 apptimately 95%. In the case &W, the specific heat has already

been shown, and according to Daniel (1998), is equivalent to 1.92KJkg°C (chsolia).
Therefore, the finad of FW was determined according to both solids (32%) and moisture content
(68%) fraction.

The Net Energy (&) wascalculated based on the enelgput requirement (g), evaluated
against the volume of biomethane @hl/gVS added) produced {B (Figure3.21).

Energy Input (kWh) ]7

Objective T L  Food Waste [ c .
: — ner nput
Microwave L»l  MAD gy p
- Pre-treatment Vs.
Objective IIT [ Digestate —> Energy output

A 4

Energy
production/output
(biomethane)£/m?3

Energy
arid

Figure3.21 Schematic representation ©bjective 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 procesdgenance Zhanget al, 2013 Fisgativaet
al., 201§.

Neverthelesdpod wastés 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%
vegetdles 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, andsomdyl &raction

(around 10%) due to fish, meat residues, and dairy products (Bragtiglia2018). Therefore,

the large variation of FW composition/characteristics across the globe can represent a challenge
when optimising the supply chain for biogasrémewable energy production (Fisgat®iaal,

2016).

Despite thelevelopment of different reactor designs, such as two stage or mattigke reactors,

the AD of organic wastes generally relies on sirgfi@ge systems, which account for more than
95% of Eur o p estae planisl Moreover, mesophilic digestion has been preferred over
thermophilic one, due to a small energy requirement, andegrs@bility (Donget al., 2010;
Montecchioet al., 2016)

This chapter discusses the feasibility of tié/ 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 akey operational variabl® optimize methane yield from MADf &W in single stage
systemgbatch reactors).

4.2 Results anddiscussion

4.2.1 Samplecomposition

The sample collected at the Leeds University Refectory was analysed for the organic and
inorganic fraction. The sample composition varied significantlsinduthe collection period
(Figure 4.1, Figure4.2), with an average daily orgarniaction of 69.3% and an average daily
inorganic fraction of 30.7%.
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DAY 1 DAY 2
26% 27%

74% 73%

1%
34%

66%

59%

DAY 5

25% 777 organic
777 inorganic

75%

Figure4.1 Organic and inorganic fraction percentages of sample during the 5 days collection period.

Table4.1 shows the total weight and compositiar £ach subcategory. A totaf 52.9%g of
sample was collected, of which 37.40kg corresponded to the organic fraction and 15.55kg to the
inorganic fraction (paper, plastand others)
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Table 4.1 Sample composition (organic and inangc fraction) and weight from Leeds University

Refectory.
Fraction of the waste Organic Inorganic

. . Food Waste Paper Plastic Others
el BeiEm e Weight kg) Weight kg) Weight kg) Weight kg)
Day 1 6.15 1.05 0.7 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 0.9 1.05
Total Weight 37.0 8.05 4.50 3.00
Collection Point Food W_a_ste Pape_r_ Plastlp_ Other_s_

Composition Composition Composition Composition

Tomato, bread, pizza,
spaghetti, chickpeas, Paper towels,
cucumber, chicken, beef, napkins.coffee cups,

Cloth, Ketchup
container, wrapping

Chicken bones, metal
spoon, wooden stirrer

Day 1 green peas, mushroom, sugar and salt fail, fork, spoons and sticks, soft drink can,
- cups, water bottle, fmd .
carrot, fried potatoes, sachets. . and chopsticks.
A wrapping boxes.
rocket leaves, onions.
Broccoli, carrot, eggs, Paper towels, .
sausages, bacon, spaghe  napkinscoffee cups, Ketchup container, fork Soft drink can,
. spoons and cups, wate ;
Day 2 fries, bread, green beans sugar and salt sache } Chicken bones and
. . - bottle, food wrapping :
pizza, chicken and cooket and merchandising chopsticks.
boxes.
potatoes. leaflets.
Pizza,minced meat, corn,
tomato,spaghetti, fried Paper towels, Ketchup container, .
A - . Tea bagsmetal knife,
potato, potato peels, napkins, Coffee wrapping foil, fork .
Day 3 chopsticks and
mushrooms, red pepper, cups, sugar and sall spoons, cups, and fooc b
: : everage can.
carrots, rice, okra, green sachets. wrapping boxes.
peas and broccoli.
Pizza, carrots, rice, corn,
green peas, corncc_:b, friec Paper towels, Ketchup container, Cloth, Tea bags, metal
and boiled eggs, fried anc ) . . b :
. napkins, Coffee wrapping foil fork knife, chopsticks,
Day 4 boiled potatoes, bacon, '
- A cups,sugar and salt spoons, cups, and fooc ~ wooden stirrer and
beef, Yorkshire pudding, :
v sachets. wrapping boxes. beverage can.
mushrooms, tomatoes fist
and bread.
Mushrooms, baked beans Paper towels Ketchup container
sausages, butter, peas, na IF()ins Coﬁe’e wra ir? foil fork ' Cloth, Tea bags, metal
Day 5 tomatoes, onionfyread, p ’ ppIng knife, chopsticks,

cups, sugar and sall

cucumber, cooked eggs, sachets

banana and banana peel:

spoons, cups, and fooc
wrapping boxes.

wooden stirrer.




85

Figure4.2 Organic and inorganic fraction of sample during the 5 days collection period.
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The compoaosition of the organic fraction varied along the collection points, and consisted of mixed
cooked andincooked 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 fisb(e4.1).

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 eanmeibld from
the anaerobic digestion of this waste (Steffeal., 1998).

4.3 Compositefood wastecharacterization

The physical and chemical characteristics of the organic waste are important for the design and
operation of anaerobic digesters sinasthaffect biogas production and process stability (Zhang

et al, 2007). The collecteBW was therefore characterized and the characteristics analysed in
terms of suitability for the anaerobic digestion process.

4.3.1 Solids andmoisture content of CFW

Theaverage Moisture Content (MC), VS (Volatile Solids), Total Solids (TS) and VS/TS ratio of
the collected=W are shown imable4.2. The TS31.89 mg/kgand VS(29.60mg/kgontent of

the present study are consistent with other works reported in the literature. The TS fraction
reported elsewhere ranged from 14.3% to 30Q.Bfdicating that water accounted for 85.7% to
69.1% of theFW. This is similar to the MC of theW from the Leeds University Refectory
(68.11%) A study, conducted biwon and Le€2004)in a Korean University Cafeteria, showed

MC (80%) and VS/TS content (94%), similar to the present flialyle4.2).

Volatile solids can be used as a measure of the organic content in a sample. The organic content
has aninfluence on the final methane production since it acts as a source nourishment for the
bacteria in the reactor (Zhawg al, 2014). Tsunatet al (2014) showed that the percentage of

VS content from TS content must be in a range of 80% toproduce 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 the CFW it is also in agreement with previous work
reported in the literature (Vavouradd al, 2013, Zhangt al, 2013) Table4.2).
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Table4.2 Physical and Biochemical Characteristics of food waste samples and comparison with published literature

Present work References
_ Average Value Vavouraki et al Zhang et al Zhang et al Zhang et al Quiang et al

Parameter/Sample (standard deviation) (2013) (2007) (2011) (2013) (2013)

Number of CFW Kitchen Waste Food Waste Food Waste Food Waste Food Waste

samples (n)
Moisture Content % 3 68.11 (0.30) 81.5(0.66) - - - -
Total Solids (TS)mg/kg (w.b.) 3 3189 (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)
VSI/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)
CIN - 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 3 - - - -
Demand (TCOD) g/kg 327.46 (22.13) i
Soluble Chemical Oxygen 3
Demand (SCOD)g/kg 228.3 (210)
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) - - - - -
Phosphorousg/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 Elementalcomposition (C, H, N, S)

The elemental composition of the CFW sample is report8dise4.2. There are a number of

key factors influencing Anaerobic Digestion. Carbon to Nitrogaio (C/N) s an important
indicator of potential ammonia toxicity and inhibitioAccording to Kroekeret 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 dadal growth. Therefore, inhibition is usually
detected when there is a decrease in the stedeyof 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 (Puyueti@l, 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 repantéuki literature. However,

in this casewith a C/N ratio of 10.95 which is significantly lower than the stabilised threshold
(Table4.2).

Nevertheless, different studidave shown that it is possible to operate anaerobic digesters with
lower C/N ratios (15 20). This is usually achieved by-digesting=W with other organic wastes.
Kumar et al (2010) for example, caligested food and green waste showing that organic
substrates could be digested at C/N ratio of 19.6. Zhaay (2013) on the other hand, showed
that the optimum C/N ratio when atigestingFW and cattle manure was 15.8.

It is possible to improve the C/N ratio by adding nitrogieh substrates, sucts ananure, when

the nitrogen content is low, or by adding carbon rich substrates, when nitrogen content is high. A
similar strategy was used by Musd al (2014) who tested different C/N ratios when
anaerobically digestingW. The authors originally had @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 strawies)y 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%hen increasing the C/N ratio to 26 and 30 respectively;
compared with 69%vhen using the original C/N ratioJThe ultimate benefit was to improve
reactor performance by increasing methane produdiced 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,
respectiely.

Toxicity and inhibition of the digestion prosemay occur if sulphur concentian is high

( @4%) caused by corrosion effects in digesters, biogas pipes and biogas utilisation devices, thus
requiring desulphurisation system(Zhanget al,, 2014) Nevertheless, in this study the sulphur
content of the CFW was low (0.13% TSnd no corrective measures were implemented,
therefore, during the AD process.
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4.3.3 Total and soluble chemical oxygendemand of CFW

Total Chemical Oxygen Demand (TCOD) is @asure of organimatterin a particular waste
(Gerardi, 2003). Although the TCOD value foumt processed samplé&27.43g/L) was similar
to other studies treatingW (Komemotoet al, 2009 Musaet al, 2014, they all suggest a high
demand of oxygen pditre of sampleo stabilise organic content

The soluble chemical oxygen demand (SCOD) on the other hand, is an indicator of the readily
solublefraction of organic mattethat can be used by the microbial commuiityan available
source oknergywhen anaerobically digesting tR&V. In this study, the SCOD/TCOD is 69.71%
representing a higher value than the one reportesibggihet al. (2018), with a SCOD/TCOD

of FW eqiivalent to 43.3%This latter aspect of th€FW, suggests its feasibiligs 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 severaltpegatment methods.

4.3.4 Organic fraction composition (ipids, carbohydrates andproteins)

In this study, the CFW was mainly composed of carbohydrates, which added to 42.75 % of the
TS. These results reflected the&/ composition, where this component was present in its various
forms, including: fructose present in fruitgde and pieces, cellulose (nretarch polysaccharides)

found in the vegetable peals and pieces, as well as the starch, a polysaccharide found in bread,
rice and potatoe@Reilly, 2002).

The organic fraction compib®n is consistent with previous studies BV regardless of the
differences in (i) waste source (geographic location, type of establishment: restaurargascante
households, hotels, etc()i) collection methods (seasonality) and, methods used tactesize

the sampleswherecarbohydrate was the most abundant organic fraction compound of this type
of waste Table4.2).

Lipids made up 27.62% of the Tc®ntent.A low lipid concentration could be beneficial when
anaerobically digesting the CFW. According to Baigal (2018), this is because high lipids
concentration can result in a process failure caused byrtiuieiction of longchain 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 coRt&ht of

and its effects on anaerobic digestion is controversiakifitdrature. 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 Nklor 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 gikilentrac

pH, increase of maintenance energy requirement, and inhibition of a specific enzyme reaction
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(Whittmannet al, 1995, Bankst al, 2011). Nonethelesssufficient N content leads to an
increase of 20% in biogas production when compared to digesteich suffes from N
deficiency (GarciePefaet al, 2011).

Regarding the variation of FW source and its implication on the final characteristics of the waste,
Fisgativaet al (2016) conducted a study on the coefficient of variance (CV), based on 102
sanples 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@vhigh

In that study it was observed that FW had an average pH ¢€¥.13.9%), VS of 88.2% (CV
9.3%), BMP of 460.0 NL Chikg VS (CV 19%), 36% of carbohydrates (CV 57.2%), 26% of
protein (CV 62.2%), 15% of fats (CV 52.0%), 25% of lingglulose.

The large variation of FW composition/characteristics can represent angealben optimising

the supply chain for renewable energy productisoridwide. There is a clear incongruity
between the variability of feedstock characteristics (with a significant seasonality; andF@ttain
samples yielding higher biogas production thtrers) and the constancy of energy demand (such
as the fuel required for transportation) which is present all year rounce(¥le2014).

4.3.5 pH andvolatile fatty acids (VFAs) of CFW

FW is a substrate known for having low pH (acid). i¢ (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 (Zhaegal, 2007, Elbeshbishgt al, 2012, Browne and Murphy, 2013).

The VFAs content of CFV8ampless reprted inTable4.3. Volatile fatty acids (VFAS) which

mainly include acetic acidpropanoic acid, butyric acid, and valeric acid, are the main
intermediate products duag the acidogenesis and acetogenesis phase of organicinvafle
(Phamet al, 2012). It is possible to infer from the resuliglfle 4.3) that theFW had already

stared 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.

Table4.3 Volatile Fatty Acids present in CFW sample.
ACIDOGENESIS/ACETOGENESIS PRODUCTS

Product Concentration (mg/L) Structural Formula
Acetic Acid /L 757.70 i
cetic Acid (m }
(mg/L) Ao
0
Propanoic Acid (mg/L) 5.74
A,
CH3
Iso-butyric Acid (mg/L) 22.05 H3C/]YOH
0

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 breadcomstitents

of the sample here studied) are hydrolysed, monosaccharidesleased, 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 TZiBlg4.3).

4.4 Biomethanepotential testswith CFW

It is well known that substrate particle size (PS) affects significantly the BMP tests. This
information is relevant since microorganisms can deg@uy 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 prodtion (Mshandetet al., 2006, Izumkt al, 2010).

In this study, preliminary tests on substrate particle size were carried ouFMgisgmple from
Leeds University Refectorgresults not shownPS of 1mm resulted in a higher experimental
methane yieléind biodegradability percentage than other sizes tested (2 mm and SLnmm)
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 beresent. 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 otdéone

can be degraded giving way to bioenergy production at a minimum engineeringasisnfoto,
1989;Lu et al, 2012.

In order to access the suitability of the CFW sample as a substratetf@ne productigm series
of Biomethane Potential (BMH)ests were performedsing 1mm particle size and three different
I/S ratios: 3:1, 2:1 and 1:1

4.4.1 Methaneproduction from CFW

Figure4.3 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 fatuttation 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 digestj 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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Figure4.3 Normalized cumulative methane production of food waste samplesitiatatéferent I/S ratios.
Values are expressed as average values of triplicates.

As shown in chapter 3 Section 3.4ll the reactors contained the same amount of substrate (food
waste) varying the inoculum/seed (bacteria) concentration, meaning thaias the limiting
factor on the digestion process. Moreover, the higher I/S ratios, hadvatedleoncentration of
bacteria which although did not have a positive influence on the methane production rate
(especially at the first week of digestion)difinitely help the system to accomplish a higher
cumulative methane for the total digestion periéigj(re4.3).

Due to its high biodegradable profilEW anaerobically digested as a sole substrate in batch
systems heralds a high concentration of intermediate prodwdtasile fatty acids in the stairup

phase (first week of digestion) (Angelida&t al, 2009). The startip phase is generally
considered the most critical step in the operation of anaerobic digesters. Once an anaerobic
digester has been started up sgstdly, it is expected to ruwithout much attention as long as
operating conditions armeot significantly altered (Hobson and Wheatley, 1993).

According to Kalyuzhnyet 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 madiyeproductsof the organic

waste egradation (e.g. VFAS) increases in the system. Therefore, by utilizing higher inoculum
concentration, a better process performance can be obtained, since the system carooetrtake
least reduce the impacts tife acidificationinhibition phenomena, dut sufficient bacteria
concentrationthat are capable of metabolizing the excess organic matter and intermediates
products into methanewith no system failure (cessing methane production) or significantly
lowering its productiorthroughthe process(Boulangeret al, 2012).

The cumulative methane production during the anaerobic digestify of lower I/S ratio (L:1)
confirms his theory. In this case, there was a 52% reduction orcuhsulative methane
production in relation to the 3:1 and 2:1 rafithe reduction on the assimilative capacity of the
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seed on the 1:datio, could havéreen the result dbw bacteria concentration, which were not
able to adapt to the typical difficidtat-up phasépH drop, and acidification) of FW. In addition

to thereduction on the assimilative capacity of the séselslow growth rate of the methanogenic
population, could explain theethane plateau observed for the 1:1 ratio after the first week of
digestion The capacity to continue to produce methane in a progressively way aftesttiveek

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 performantar(isof bioenergy
generation) comes from low bacteria activity and number.

Similar to the finding here reported, Boulangdral. (2012) observed a higher cumulative
methane vyield at higher I/S ratios (2 and 4) compared to other tested (0,00R18,06,0.12
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 biiwacagents (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 tertaccess 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 ageditmstel

by the microorganistmHowever, due to thEW 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 whenrdisey the reactors)
compared to the other I/S could have favoured the bettiolysisrate.

Boulangeret al (2012) observed a saturation phenomenon regarding the hydrolysis rate when
treating MSW under different I/S ratios. According to them, as tBeradtio increased, the
bioavailable surface of waste decreased, due to becoming totally covered by hydrolytic agents
which were more abundant thamthelower ratios. Thus, their conclusion was that the increased
bacteria concentration responsible for t@ste hydrolysis was not necessarily beneficial and
could not improve further hydrolytic capacity of the system.

4.4.2 Technicaldigestiontime

Thedigestion process performance can be accessed by the technical digestion time (T80), which
corresponds tohe 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 Fitiare4.4). The shorter
digestion time observed for the 1:1 ratio could be possikbained by a better hydrolysis rate,

as previously discussed.
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Zhanget al (2007) digested FW anaerobically in a batch system, under thermophilic temperatures
(50°C), andsimilar to this studypbserved that 80% of the total methane produced was othtaine
after 10 days of digestion.
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Figure4.4 Technical digestion time (T80) for the different S/ ratio studied.
4.4.3 Totalvolatile fatty acids behaviour during the AD of CFW

For all I/S tested, thhighest 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 thevhen
experiment was assembled indicating that hydrolytic and fermentative bacteria were active and
efficient in degrading the organic waste us€eigre4.5).
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Figure4.5 Total Volatile Fatty Acid behaviour during the anaerobic digestion of different I/S ratios.

For the higher I/S ratios, thincrement of Total VFAs (%) during the Hydrolysis and
Acidogenesis phase observedhis study, was similar to the one published by Ferndatiak
(2010), who also treate&#W in a mesophilic anaerobidigester using two different
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concentrations: 20 and 30 %, obt ai niinmglatan VF A0
to whendigestion 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 tw@, proton reducing acetogenic bacteria,
acetoclastic methanogens, and hydrogenotrophic methanogens) present in anaerobic digesters
need tobe coordinated and fined tunéidee et al, 2012) Under a stable AD procesthese

bacteria catalyse organic waste componenislitile fatty acidshydrogen, and carbon dioxide,

which became the main products of fermentation (Chynoweth and Pullammanappallil, 1996). On
the other hand, under unstable conditions such as highatratedoadings; reduced metabolites

(e.g., propioit and butyric acidsjaccumulate (Griffiret al, 19%B).

In this study TVFA accumulation occurred for all tested I/S ratios on tiea@d 4" day of
digestion, which is a clear sign of kinetic unbalanbas suggesting that the metabolic capacity

of the methanogens was initially not sufficient to balance the increasing activity of the fermenters
on the easily biodegradaldf&V (Figure4.5).

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 ¢h@humb
active bacteria brought into the system, including the ones responsible for VFAs production
acidogenic population. It can be inferred that the higher concentration of bacteria, improved the
assimilationof organic mattein the waste, hence implygnon a higher concentration of VFAs
produced.

On the other hand, the accumulation of metabolites had a detrimental effect on the methane
productionduring this periodor 2:1 and 3:1 ratiowhich was lower thaffior the 1:1 ratio A
possible explanation fothe lower methane production relatesn@thanogenic community
inhibition, due to ahigherpH drop andsystemacidification.

The accumulation of intermediate products on the first days of digestion, together with the
acidification of the system is a comon finding when anaerobically digestifyV as a sole
substrate, in a singlstage system, such as bafsleveset al, 2004 Zhanget al, 2007; Forster
Carneiroet al, 2008;Liu et al, 2009. The most common reasons for the acidification of the
systemare 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 consumetiamgformed into intermediate
products (VFA), which leads to a pH drop and can create an unfavourable environment for
methanogenic bacteria, thus affecting theethane production an€inal methane yield.
Nevertheless, the system acidification levalirgectly 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 procdgawaiet al, 2014).
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In anaerobic digestion, there are two main acidiftzattypes. 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 affidation, 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, 201 Kawaiet al., 2019.

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 intanethane.

4.4.4Propanoicto aceticratio (p/aratio)

In the present study, acetic apbpanoicacids were the intermediate products to buiid on

the first days of digestion. For this reason, gh&panoicto acetic ratio (p/a ratio), an indicai

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 megtla{Hill
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-8oR®increase on the recommend p/a threshold

at a latter moment of the digestion {1day) when compared to the other ratios, on which the
main peak occurred at th& day of digestionKigure4.6).
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Figure4.6 Propanoido 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 th@ropanoicacid by the microorganism causing a higher concentration

of the latter in relation to the former, or b) the inhibitiorpodpanoicdegrading syntroph(e.qg.,
Syntrophobacter wolinij, leading to an accumulation of propanoic a¢diffin et al,, 1998).
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According toPullammanappalliet al (2001) the thermodynamic kinetics of the oxidation of
Propanoic acidis exergonic only at low hydrogen pressures. Therefore, under a system
perturbation such as: variations in acidogenic and methanogenic biomass retioceaind
activity (e.g hydrogenotrophienethanogenesis inhibition, or changes in pH values) there can be
accumulation opropanoic aciénd, subsequent system fail(¥ao et al,, 2015)

Xiao et al (2015) demonstrated that a low p&hge (4.50 to 6.50) on a tvabage 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. rloapto the same authors, it is
believed that under singltage 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 aféexd (microorganisms), with the highest ratio containing the
highest amounts of microbes. In this context, gh@panoicacid 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
accumudtion.

However the 3:1 ratio exhibited a longer period with a lower pH range compared to the other I/S
ratios here tested. From th& & the 7' day of the digestion, the pH ranged from 6684. The
longer exposure to an acidified environment could have negatively affected/inhibited the
propanoicacid degrading bacteria activity, which could help explain a posterior peak of the p/a
ratio (Figure4.6).

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 pildle explanation for the exceeded p/a
threshold is an inhibition of thpropanoicdegradingsyntropts microorganisms, the lower I/S

ratio could have benefited from a higher acetoclastic actikigu(e4.7).

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, evidencdeebgpid acetate consumption

rate (77.14% consumed between day 4 and 7, comparédl.@@6 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 instheactor.

Figure 4.7 also confirms the hypothesis of inhibition of the proparsaicl degrading bacteria
activity postulated for the 3:1 ratio, since the concentrasigoropanoicacid 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 affecté during the period on which the p/a ratio threshold was exceeded.
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Figure4.7 Propanoicand acetic acid consumption rate for the different I/S ratios.

These results contrast with the ones found by Boulaetgdr(2012), who analysed the influence

of different I/S ratios on the degradation Kinetics of MSW. The authors observed that gihder hi
IISr at i os ( lddrhula®ckmethgne drodluetion curves exhibit two phases. In the first
phase (first days of digestiorf)ydrogenotrophicmetabolism predominated possibly, as a
consequence of a high inoculum densities which might have favoualspatximity between

VFA oxidizers and hydrogenotrophic methanogethsis enhancing syntrophic relationships
resulting in earlier methane production by hydrogenotrophic pathway. The second phase in turn
(after first week of digestion)corresponded to amdreased contribuin of the acetoclastic
pathway.

The pH drop observed by the aforementioned authors was sharper than then one detected here
(Figure4.8), reaching values of 6. One possible explanation for this difference is the amount of
LOF present on thEW used inboth 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/Lfor 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, previs studiegMorencAndrade and Buitron, 2003; Nevesal, 2004; Parawira

et al, 2004; Kawaet al, 2014)have demonstrated that it is possible to rescue a digester from
acidification by utilizing a higher concentration of inoculum.consonant with these previous
findings, there was a pH recovery for all the I/S reactors, especiallyef@: 1fratio. 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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Figure4.8 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 irtleactors, 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 aFAs removal rate of 58% as opposed to a pH increase
from 7.53 b 7.62 followed by an average 56% TVFAs removal rate for the 1: 1 I/S [Fatiaré

4.9).

These results suggest that a combination of higher concentrdtbacteria, (with an adequate
activity rate), favoured by a balanced anaerobic environmenivith no major inhibitions such

as excessively high p/a ratios, or high ammonia concentraguits not shown), leads to a better
TVFAs removal rate andifther pH increase after the already expected acidification phase, when
digestingFW as a sole substrate in a singtage system (batch).

Similar relation was observed by Kaweai al (2014), who verified that the rates of VFA
consumption and pH recovedecreased, 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 reptasg, 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, sincéFsA$ removal rate was improved
under higher inoculum concentrations, ahdse 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 andfor this reason not represented in the graph ierm@ avoid distortions.
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Figure4.9 Recovery phase profile of different I/S ratios.
4.4.5 Methaneyield and kinetic assessment

The methane yields fitted in the MGompertz model obtained for the differematitss are
depicted irFigure4.10. The MGompertz model has been widely adopted for fitting methane yield
(Liu and Sung, 2002; Shigt al,, 2004; Xieet al,, 2011; Boulangeet al, 2012; Paret al,, 2013;

Wall et al, 2013; Motteet al, 2014; Mosett al., 2015; Liet al, 2015; Pellera and Gidarakos,
2016; Konget al, 2016) It allows a better understanding of the biomethane production during
the experimental work, including tlestimationof 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 hergested, were very similar to the cumulative methane yield obtained experimentally (B)
(Table4.4). For most I/S ratios, B/A was above 90% which, indicates a good fittiitly the
greatest fitting observed for the 1:1 ratio (99.38%) and the poorest fitting for 2:1 (90386 (

4.10).

The lag phase/j of the I/S raibs here tested are shown Tiable4.4. 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 dagdagTphase 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 birial enzymes into smaller molecules (such as sugars, amino
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acids and glycerol) (Zhangt al, 2011). The smaller molecules then become available for the
consumption by the acidogenic bacteria, which will further metabolize them into intermediate
produds-VFAs, which in the final step will be transformed into biomethane gas.
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Figure4.10 Specific nethane yield with the MGompertz fitting curves for the different I/S ratios.

In this context, the prolonged lapase 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 tRe¢/, followed by an equally fast
transformation into VFAs by acidogenic bacteria. On the other hand, dfine fimber 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 digeswhen 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 @ogenic and methanogenic activity dgithe first days of digestion.

Table4.4 Kinetic assessment of the mesophilic anaerobic digestion of different I/S ratios.

Parameter/ Predicted methane Experimental A
I/S ratios yield (ml) (A) yield (ml) (B) (lag phase)
31 181.18 (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 deviatidimadkets.

Despite the improved laghase, the final methane yield of the 1:1 I/S ratio was 50% lower than
the 3:1 ratio, which had ¢hhighest methane yield: 177BICH./g VS added of all studied ratios.
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When analysing different I/S ratios BV, Kawaietal. (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 ratieen treating FW under M2,

Moreover, the methane yield observesténfor the 1:1 ratio was similar to the one reported on
the literature when treatingW, howeverwith no irreversible acidificationwith typical values
bellow 100n| of CHJ/gVSadddedNeveset al,, 2004; Zhao et al, 2011; Luet al, 2012)

The yields registered for the higher I/S ratios are in agreement with ¢éseeported elsewhere
for the AD of FW under reversile acidification, which ranged fromOOmICH4J/g VS to
300mICH./g VS (Neveset al., 2004; Dearman and Bentham, 2007).

The relatively low methane yields observed in the present study compdnepraved values
between 400500ml/ gVS added achieved, for example, by Ghal (1995);Heoet al (2004);
lzumi et al(2010) can be attributedo the acidification process previously mentioned and
discussed, that is found imgie stage anaerobic digesti@ther authors had previously reported
this challenging and disadvantageous aspect of treB¥Wignder anaerobic conditionKi( et

al., 2006, Dearman and Bentham, 2004y et al,, 2009), suggesting that this process is better
performed when acidogenic and methanogenic populations aiallgpsgparatein dual stage
systems.

The significantly difference between the final methane yieldsingd here and elsewhere can be
attributed to various aspects including: a) differences in the chemical composEdhazfused

by differences in food cultures and habits, as well as b) mdttgpdased when performing the
AD process, such as the operatibconditions previously mentionédatch tests, mesophilic
environmentl/S ratio)and amount of volatile solids used.

Methane vyield obtained for the different I/Sioatvere statistically analysed’he Tukey test
showed that there is a significantlyfdifence between the yield obtained for the different ratios
(Table4.5). The Sidak test (post hoc) determines which means differ basedtatistics, by
adjusting the significance level for multiple comparisons. In this case, the Sidak test revealed a
greater dference 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 edia bower final methane yield
(Table4.6).

However, because 3:1 and 2:1 ratio also exhibitethsticallysignificant difference between
them, and it is already known that 3:1 ratio yielded greater values in terms of methane production
and final methane yid, this ratio should be used when optimizing the anaerobic digestioN of
under mesophilic conditions, with particle size 1mm and batch sysggandix C)

Table4.5 Tukey test for the different I/S ratios.

I/S Prob Alpha Sig
2:1vs.3:1 0,02424 0,05 1
1:1vs.3:1 1,15219E5 0,05 1

1:1vs.2:1 5,61449E5 0,05 1
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Table4.6 Sidak test for the different I/S ratios.

I/S Prob Alpha Sig
2:1vs.3:1 0,03089 0,05 1
1:1vs.3:1 1,39938E5 0,05 1
1l:lvs.2:1 6,82172E5 0,05 1

4.4.6 Methaneyield 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 digestiéw.on those works, the
processes were performed under distinct operational conditions: ,(batglestages and two
stages) , temperatures (mesophilic, t her mophi
including the ones from this work are depictedrigure4.11

In most cases, there was a negative relation between the increase of methane yield and increase
of S/l ratios, suggesting that the methane yield from the anaerobic digedtdfvads inversely
proportional to the S/l ratio and negatively affected by #meehse in inoculum concentrations
(Neveset al, 2004; Dearman and Bentham, 2007; &fwal, 2009). Although in this this study

I/S ratio was adopted rather than S/I (the vabie¥/| being equivalent to 0.33 (3:1) 0.5 (2:1) and

1 (1:1)), the generairfdings regarding the relationship of the final methane yield with the I/S
ratios ara@n consonant with the previous workshere the highest methane yield was obtained
when higher inoculum concentration was used or lower S/I was afpigde4.11). Therefore,

0.33 S/l ratio showed improved process performance than ratio 1.

600

® Kawai et al., 2014 (High LOF)
o Kawai etal., 2014 (Low LOF)
500 a Liu et al, 2009

X Neves et al., 2004

+ lzumi et al., 2010

X ¢ ¢ Zhang et al., 2007

400 0O Dearman and Bentham, 2007
A Heo et al., 2004

+ 3:1ratio (I/S)
® 2:1ratio (I/S)
300 A 1:1ratio (I/S)

CH, yield (mL g-VS™)
o]

200

100 A

S/

Figure4.11 Methane yield and $ratios relationship from previous and present work. Adapted from Kawai
et al (2014).

Nevertheless, similar to the present study, Dearman and Bentham (2007) obtaimeaethane

yield (lower than 30@L/gVSadded) at a low S/I ratio (less than 1.0) when dige$tnhg
According to Kawaiet 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 thB¥W requires the addition of aadge concentration of
bacteriaihoculum 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 geneal, the physicochemical characterization of the composite food waste sample (CFW),
collected from the Leeds University Refectory, revealed its suitabsity potential substrate for
MAD, with adequate amount of Volatile Solids content, Ammonia, Proaéeid<arbohydrates,
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 efficieaayifferent 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 waslaorter 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 TVFAsipwlilthe Z and 4" day

of digestion, which is a clear sign of kinetic unbalanetwieen 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 Ees@¢cumulation

was nevertheless reversible, with tlystem 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 determiningap@eity of rescuing the
systemfrom a potential failure.

The TVFAs accumulation could have been the main factor resporisitdeprdonged lag phase,
more than twefolds higher for the 3:1 and 2:1 ratios when compared with the 1:1.

There wasidirect relatiorshipbetween theamount oinoculum used anchethane yielgmeaning

that thehigher methane yield from the anaerobic digestionFu¥ was obtained when higher
amount of bacteria was used or lov&lratio appliedTherefore, it can be said thH&V requires

the addition of a largeomcentration 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 patrticle size and I/S ratios.

Degite 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 diffierent ratios tested (p<0.05),
suggesting that the 3:1 ratio should be used when optimizing the anaerobic diggsfiounufer
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 biodegradalaifity moisture contenbDue

to its complex structure and composition (fat, proteins and in some tigeecellulosic
materials), however, a low methane yield is typically obtained-(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 highsuspended solids subs#stsuch as\W (Vavilin et al, 2008; Toreciet al., 2009;

lzumi et al,, 2010)

The limitation on AD perfanance caused by the hydrolysis step can be circumvented by adopting
feedstock prdéreatments, such as thermal ondanget al (2006) applied thermal treatment to

FW, using a hybrid anaerobic sdlitjuid system,under the followingcondtions: 70°C for 2

hours and at 150°C for 1 hour. The authors concluded that Hyeptang the waste, the time to
produce the same amount of methane as the control (untreated waste) could be shortened by half.
Schiederet al (2000) used conventional heating with temperatures betwigh- 200°C,
presures up to MIPa and residence time of upG0 minutes to treat FW from a restaurant. As a
result, biogas production rate was improwsd62%, hence shortening the AD duration. Both
changes were attributed to faster hydrolysis.

On the other hand, when certain materials are exposed to microvadiation, dipole rotation,

leads to the breaking of weak hydrogen bonds. This mechanism togdthtrenieating, 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 théamorganisms. MW irradiation therefore is a promising
pre-treatment for organic solid wastes, includiy (Loupy 2002, Shabhriari, 2011).

In this chapter the effects of different microwave operating conditions (namely temperature and
power) on FW charadtistics and overall MAD process performance (including solubilisation,
biodegradability and methane yiglatre investigated.

5.2 Results anddiscussion

The composit&W was microwaved using different operational condit@msgescribed in Section
3.6.1 (Clapter 3)to determine the effects of this thermalfmeatment orpH, soluble and total
chemical oxygen demand (TCOD and SCOD), ammonitiatal Kjeldahl Nitrogen(TKN),
TVFAs and solids. The effects of microwave irradiation on compdé3itecharacteristicare
shown in Tableb.1, with results expressed as mewiith the corresponding standard deviation in
brackets.



106

5.2.1 Effects ofmicrowave irradiation on food wastecharacterization

5.2.1.1 pH

Most of the samples exhibited a drop in pH as a result of microwauesptenent. 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/untreatechgale. The largest pH decrease, and hence the lowest pH
value from all tested conditions (final temperatures and ramp rates), occurres®°@ragd
7.8ramp.

A decrease in pH was also observed by Matial (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 im ihid bow 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 Marinet al (2010) is clse to that obtained here.

Shahriariet al. (2011)also reported a pH decrease after exposing the organic fraction of municipal
solid waste (OFMSW) to microwave irradiation at the following conditi@®s: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) 4.0& 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 resulietharacteristics of tHeW 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 temperatures3)>145°

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 comp@éitemponents we vegetables

and fruits (bmato, chickpeas, cucumber, green peas, mushroom, carrot, fried and cooked
potatoes, potatoes peels, rocket leaves, onions, broccoli, green beans, corn, rezhpegpey.

All of these components have lignin as well as herhilgede as a major constituent of their cell
wall.

5.21.2 Solubilisation of organic matter

As a result oFW pretreatment 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;jray ¢juss
longer exposures to MW irradiation together with higher temperatures are better for the
solubilisation of organic matteifable5.1).
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The increase in the TCO@pparent for all test conditions) suggest that the exposuFevdb
microwave irradiation causes the solubilisation of recalcitrant compounds in the solution.
Accordingto DanseBoatenget al (2015) thermal treatments are effective in solubilising organic
matter from the substrate, and in some cases]citranttomppunds.

However, a more plausible explanation for the observed TCOD increaselimtigge irmoisture
content of the FW samples after microwave irradiation. Normally, TCOD should not suffer
changes during the pteeatmentstep unless there is a loss the sample’s moisture content
(Eskiciogluet al,, 2007). In this studymnost of the parameters were reported in wet basis (w.b%)
and supplementary data such as volatile solids, ammonia anddEikidnstrates a general
decreasén thesevalues(speciallyat slow heating rate and higher temperatures) in relation to
control oneshencecorroboraing this hypothesis (Table 5.1)

The increase of TCOD content after thermal treatmest also reportedy Marin et al (2010),

for example, reported an increase in TC@ihtent 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) aisceiased 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 t8,a16.45 and 18.48%respectively. These results
contrast with the ones mented 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 fo
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 temperaturef 115°C, there wasHL.91, 22.53 and 26.48Wtcreasen SCOD(with respect

to the control) for fast, medium and slow heating ratespectively Shahriari (2011) in turn,
obtainedl11.95, 13.04 and 20.65%creases for fast, medium and slow heating rates with 20%
moisture content and,6.90, 22.53 and 28.16%6r fast, medium and slow ramps with 30%
moisture content.

For FW samples treated at 145°C, there wadl &7, 53.57 and 59.87%creasan SCODfor
fast, medium, and slow heating rates, respectivehglation to the controlAgain, these were
greater than the ones reported by Shabhriari (20#1)319.78 and 33.69%for the respective
heating rates at 20% moisture content. Nonetheless, by utilinigher moisture content of 30%,
the author was able to produce better results 48tR5, 54.92 and 54.9Q%astly, for the 175°C
treatment temperature, there wa87@a28%increase for thdastheatingrate, 68.46%for the
medium heating rate and78.19%at slow heating rate.
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Table5.1 Composite Food Waste characteristics before and after microwave irratliation
Heating

rate Parameter/ Samples Control 85°C 115°C 145°C 175°C
(°Clmin) Temperature (n) (untreated)
336 441 475 445
pH 3 420001 501y  (002) (0.08)  (0.09)
40262 40616 409.41 413.08
TCOD (gkg) 8 82143(2213) (561w (2200) (2214) (20.85)
23520 25550 276.86 313.43
SCOD (gk) 3 2283(100) (1367) (164) (244) (29.00)
o
2 . 1330 2152 2390  24.5
S § Ammonium (gkg) 6 13.30 (0.40) (0.35) (0.57) (0.67) (0.78)
o L 1645 2257 2502 2563
~ TKN (g/kg) 3 16.44(048) 050y  (0.60) (0.87)  (L.18)
23810 2908.63 3018.0 3088.16
TVFAs (mg/L) 3 785.49(3.85) “ga4g8)  (67.0) (7357) (113.31)
23025 26512 26225 249.62
VS (w.b) (gkg) 3 2060005 U 5T Den el
8145 9118 9150  83.90
VSITS (%) 3 9291055) %0 oas (o) (088
386 38 395  3.98
pH 3 4200.01) 502y (0.04) (0.02) (0.02)
418.08 427.00 43800  448.00
TCOD (gkg) 8  82743(213) (»5my  (24.00) (29.00) (36.25)
265.87 279.75 350.62 384.60
__ b9 8 2283(2100) (5072) (20000 (189) (25.00)
2F . 034 047 078  1.00
E'-?:) Ammonium (gkg) 6 13.30(0.94) (0.01) (0.02) (0.01) (0.02)
> 1239 1165 1203  11.00
S = TKN (gkg) 3 1644048) (P20 Oan 00 (025
4887.34 5111.36 3967.9 3987.65
TVFAs (mg/L) 3 78549385 (135 (1581) (114.3) (124.9)
256.25 276@ 28510  262.9
VS (w.b) (gkg) 3 29600405 oo ey oa (258
91.03 9194 9197 911
VSITS (%) 3 9291055  ouy (049 (5L (045)
4.36 401 467 402
pH 3 420001 504y (005 (0.05) (0.06)
TCOD (gkg) 3 32743(2213 2042 43617 44500 45700

(16.80) (1892) (22.M) (2500
270D  288.66 3650  395.4
SCOD (gkg) 8  2283(100) (1349) (1500) (16.79) (21.00)
015 016 075 169
(0.01) (001) (0.02)  (0.03)
914 879 984 871
TKN (gkg) s 16.440048)  h25)  (017) (031)  (0.15)
226325 1265.81 3132.42 3286.49
(64.00) (49.00) (92.00) (95.00)
24737 2383 2234  220.D
VS (w.b) (gkg) 3 2060(405) (ahe ey od0 o0
845 830 821  8LM
(047)  (0.42)  (0.38)  (0.26)

Ammonium (gkg) 6 13.3 (0.94)

1.9 ramp
(Slow)

TVFAs (mg/L) 3 785.49 (3.85)

VSITS (%) 3 92.91 (0.55)

* Mean values are reported wistandardleviation in brackets

The results from this study are in agreement with other KW studies, which have reported a
significant increase in sample solubilization as-jpeatment conditions became more severe
(Sawayamaet al, 1997; Penaudt al, 1999; Lissengt al, 2004; Lopez Torres and Espinosa
Lloréns, 2008)Marinet al (2010) obtaine&4.71, 32.70 and 45.91Mcreases in SCOD content

after treating the sil 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 eineatm
expressed as a function of the total chemical oxygen demand (TG Bydrolysisdegreg%o)

(Lépez Torres and Espinosa Lloréns, 2008)e solubilisation profile of the FW samples treated

at different fhal temperatures and heating rates is showrabie5.2.

Table5.2 Solubilisation profile of food waste after microwave fm@atment under different operational

conditions *
Condition Microwave Total COD Soluble COD Suspended COD
/Parameter Exposure Time CODt CODs SCOD/TCOD (SuspCOD

(min) (g/kgh) (g/kgh) (g/kgh

Control 327.43 228.D
(untreated) - (22.13) (21.0) 69.72 99.13

Microwaved FW Whole Fraction
7.8 ramp (Fast)

R 402.62 235.20
85°C 16 (26.50) (13.67) 58.00 167.43

o 406.16 255.50
115°C 20 (22.00) (16.41) 62.00 150.66

o 409.41 276.86
145°C 24 (22.14) (24.%5) 67.60 132.55

o 413.08 313.43
175°C 27 (20.85) (29.60) 75.9 99.65

3.9 ramp (Medium)

o 418.08 265.87
85 °C 27 (25.50) (20.72) 63.59 152.21

o 427.00 279.75
115°C 35 (24.00) (20.00) 65.51 147.25

o 438.00 350. 62
145°C 43 (29.00) (18.9) 80.00 87.38

° 448.00 384.60
175°C 50 (36.25) (25.00) 85.8 63.40

1.9 ramp (Slow)

o 420.42 270.90
85 °C 50 (16.81) (13.83) 64.30 149.92

o 436.17 288.66
115°C 66 (18.92) (15.00) 66.10 147.51

o 445.® 365.M
145°C 82 (22.00) (16.79) 82.00 80.00

o 457.® 395.49
175°C 97 (25.00 (21.00) 86.5 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. Rasthe
heatingrate, the only favourable scenario for SCOD/COD improvementaivag5°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 uRihéasadple.
Similarly, for the slow heating rate, 145 and51C were the best temperatures to increase
SCOD/TCOD with a 17.61 and 24.1% improvement in relation to the control, respedtigeise(

5.1).
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Figure5.1 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 engral 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. faatlaeatingrate and lower
temperaure (85°C) there was only a slight increase (2%) in the organic matter confafit tf

this case, the suspended organic matter (SuspCOD) was the highest for all treatment conditions,
suggesting that in this case, the -peatment microwave was not afeetive in promoting
breakage and solubilization of organic molecules.

Regardless of the ramp applied, 175°C was the optimum final temperature for hydrolysis
improvenent. At the fast ramp rat&.@ramp)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 th¢3chsad

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 Bskicioglu et al (2006) andToreciet al

(2010) the degree of przeatment can influence the distribution of mass fractions of various
sizes for both the soluble and suspended components, ultimately affecting AD performance. As
exemplified and validad by bothworks an increase in the colloidal component of TWAS in the

form of suspended solids after MW greatment, improved the rate of biodegradation, and
methanogenesis.

Figure5.2a summarises the results related to effect of the microwave operating conditions on the

SCOD concentrations frofW. Higher temperatures 4% and ¥5°C) and lower ramp rates of


























































































































































































































































































































































































































































































































































































