Coupling hydrothermal carbonization, ultrasound disruption and
microwave disintegration with anaerobic digestion

Ph.D. thesis
By
Mahmood Al Ramabhi
Supervisor
Prof . DKeszG8yWwSDzab -
Co-supervisor
Prof . Dr. Cecilia Hod%r
Doctoral School of Environmental Sciences
Department of Biosystems Engineering
Faculty of Science and Informatics
University of Szeged
Szeged, 202



To My Family



Acknowledgement

Iwouldliket o express my sincere thanks t-$zaly- supe

for giving me the chance to pursaedcomplete my Ph.D. studies, | will be thankful for his
support, constant guidance, constructive feedbacks, intellécpua)and continuas
encouragement for the rest of my life. I am truly fortunate to have had the opportunity to work

under his supervision.

| would also liketothank myesuper vi sor Pr of . Dr. Cecili a
support, suggestions, and the valuable advibat she offered me over the gastyeas. |

truly appreciate heencouragemerihatguidedme towards this point.

| also extend my gratitude to all colleagues in the department of Biosystems Engineering for
their valuable help in my research and for giving me the opportunity of being part of their
research team. | also thank all colleagues in the Biotechnology depaftontheir lab help

and cooperation.

The financial support was provided by the project Hungarian Scientific Research Fund (NKFI
contract number K115691) and EFGB.2 16-2017 000101 RING 2017. Finally)
especially thanks the support provided tobyehe Stipendium Hungaricum Scholarship

Programme.



Table of Contents

LISt Of FIQUIES. ...t eee ettt e ettt e e e e e e e e e e e e s amme e e e e e e e e e e e e e a e nnnns 6
IS A ) =1 o] =P 7
F Y o] o] =2V = 11 o] T 8
IO | 1 0T [T o PR PP PPPUPPPPPPPR 10
2. LILEIAtUI® FEVIBW. ... uuiiiiiiiiiiiiiiiii ettt ettt et e e e e e e e e e e e st e e e e e e e e e e e e e e s s s e s nnne e e e e e s a e 14
2.1 Wastewater treatmeintglobal and regional status...............cccoevvvvvieeee e eeeeeeeeeeenns 14
2.2 Resource recovery POLENLIAL............ it ceeec e eeer e e e e e e e e e e eaaannns 17
Nutrient recovery as DIOSOIAS.........oooeiiiiiiiie e 18
PROSPNOIOUS FECOVELY.......ci ittt e e e e e e e e e e e e 19

2.3 Energy ecovery potential through biofuels................oeeviiiiiieeciiiiiii e 20
2.4 Parameters affect biogas production during anaerobic digestian...................... 24
2.5 Pretreatment teChNOIOQIES. .......uuuiiii i eeee e 26
MICIOWAVE ITTAGIALION. .......cee it iiee et eeee e eeees bbb e e e e e eeeaeeeeesemmeees 26
Ultrasound (US) diSTUPLIQN........uuuueiiieiie e e e e e e e seeees e e e e e e e e e e eeeeeeannnnees 27
Hydrothermal carbonization (HTC).......uuiiiiiiiiiieee e eeeeeeeeee e 27
Biomass steam gasifiCALIQN..........uuueeiiiiiiiii e 29

2.6 Sustainability ASSESSMENT.......ccoiiiiiiiiii e 29
The assessment MethodOlQY........coooeiiiiiiiiiiie e 30
BOUNAArY CONAITIONS . ...ttt eeee bbb e et e e e et e e e e e e e e e e e e e s s e eeas 30
Indicators for the sustainability assessment framework................cccovveeevvviviiinnnnn. 31

T @ o =Tox 1)Y= SRR 44
4. Materials and MEhOAS. ........cuviiiiiiiii e 45
4.1 Wastewater sampling and COIECHION.............uuuiiiii i 45
4.2 Ultrasound (US) disruption prior to MW disintegration...............ccccceevicmeevvvnnnnns 45
4.3 MW QISINTEYIATION.....uutuiiiiiiiiiiiiiie ettt e s rmmme e e e e e b bbb e e e e 47
4.4 HTC reactoand experimental design.............oooooeiiiieemricniiiiieeeeeeeenenn . 48
4.5 HydroChar YIEIG... ... ee ettt e e e e e e e e e e s e e e e e as 49
4.6 Aqueous phase analySiS..........ooooiviiiiiiiieeee i eeeeneneeeeeeee e een B9
4.7 Physicochemical PrOPertiS. ........uuuiieiiiiiii i et e et e e e 49
4.8 FTIR Data PrOCESSING....cceeuuuuieeeteiiiitieeeriaeeeeeeettaaeeeeeessasamamsa e e eseessnaaeeeeesssnmnnes 50
4.9 Bio-Methane Potential (BMP)...........oiiiiiiiiii e 50
4.10 TheoretiCal BIMP.........oooo et e e e e e anees e 51
4.11 Energy CONSIAEIALIONS. .........cevveieieeiiiiimmmeeeeeeeeeeeeeaataa s s smmme s e e e e e e eeeeeanan 52
4.12 SAtiStICAl ANAIYSIS.....uuuueiiiiei e ———————————— 53



5.1 Wastewater CharaCterizatiQn...........coooveeeeeeeieeeiicieeee e eeeeeeerene e e eeeeeeees 55
5.2 Ultrasound disruption prior to microwave disintegration..............cccceeveeeeeeieeennn. 57
5.2.1 Determination of the specific energy input for US disruption....................... 57
5.2.2 US disruption effect on SCOD release and SS reductian................ccceeeen.... 58
5.2.3 The Effect of MW irradiation on sludge temperature............cccoeeveveecevvnnnnnns 60
5.2.4 Determination of the optimal specific energy input for MW disintegration...61
5.2.5 SS reductionuing microwave diSintegration............ccccceeeeeeiieeseeeeeeeeeeeeeeen. 62
5.2.6 FErmentation StUAY........ccouviiiiiiiiiiiiie e e 63
5.2.7 Solidlagueous phase CharacCteriSHCS . ......uuuueiiiiiie e eaeeee s 64
5.2.8 Biodegradability @SSESSMENL.........cciiiiiiiiiiii e 67
5.2.9 ENEIQY @SSESSIMEIIL .. .iiiiiiiiiiii et ietm e et e et e e et e s annnr e s s e s eaa e e e et e e e easman 69
5.3 Coupling hydrothermal carbonization with anaerobic digestion........................ 70
5.3.1 The effect of HTC conditions (severity factor) on hydrochar yield............... 70
5.3.2 Solidphase characCteristiCS..........cveiiiiiiieicceeciiiiee e eeevveeees e eeeeeeenen A 4
5.3.3 Aqueousphase CharacCteristiCS...........oovviiiiiiiiieree e 79
5.3.4 BiOgAS PrOUUCTIONL. ....uuviiiiiiiiiiiiii ettt immme e eees 84
5.3.5. Energy balance and hydrochar utilization...................eeveeciiiiiiiiiieiiieee 87

5.4 Case Study Using Developed Sustainability Assessment Framie®rdged, Hungary
................................................................................................................................. 90
B. CONCIUSIONL.....iiiiiiit ittt ceee ettt et e e s eeee ettt e e e e e e aaaaeeeeaeessssmmmeeeaeeeaaeeaeaeaannnnns 4
S 10101 0= Y PSPPI 96
8. ¥s5s z.ef. o0l al 8.8 99
9. NeW SCIENtIfiC RESUILS.........oi it eees e e e e e e e e e e e e e semees 102
O ] o] o= 11 o] o PRSPPI 104
11. Conferences PreSentationS..........oooee it icce e e e 105
D2 L] (=] =T [0S PP PUPPRRR 107



List of Figures
Figure 1.A schematic diagram representing (1) HTC gosatment and (2) HTC

PretreatMENT 1O AD........i ettt err e e et e e et e e aa e e e ebm e ees 12
Figure 2.HTC pretreatment system boundaries..........cccoeeeeeeeeiieeeiiiiiiiee e eeeeeeeeeeeeeeen 31
Figure 3.Ultrasound disruption prior to MW disintegration of dairy sludge.................. 46
Figure 4.Ultrasonication ofludge (temperature controlled)..............cccoovviiviieeen e, a7
Figure 5. HTC experimental SEt U ... ... eeeeeeeeeiie e eeeevtenee e e e e e e e eeeeannnens 48
Figure 6.The effect of ultrasound disruption with different energy input on floc disruption of

dairy sludge. Errobars represent the standard errors...............ouvvvvviiccceeeeeeeinnnnnnnd 58
Figure 7.The Effect of ultrasound disruption on COD solubilization and SS reduction of dairy

sludge. Error bars represent the standard errQrS..........ooooovviviiieeenee e 59

Figure 8.The effect of microwave irradiation specific eggion dairy sludge temperatur€0
Figure 9.The Effect of microwave disintegration on COD solubilization and SCOD release in
dairy sludge. Error barrepresent th&tandard errors.........ccceeevveeeeeeeevieeeiiiineeeeeeeeeend 62
Figure 10The Effect of MW disintegration on the SS reduction in dairy sludge. Errsr bar
represent the standard ITOIS..........oooi i 68
Figure 11 Plot showing cumulative biogas production of diffgrpretreatments (dairy

Figure 12HTC pdroduct yeildormation a) raw dairystige, b) AD di .g®st at e
Figure B. Van Krevelen diagram of hydrochar produced from raw (dairy) sludge and AD
digestate with solid:water ratio of 1:10. Standard errors ranging from t@Q@4 for

atomic H/C ratio and 0.0i6 0.093 for atomic O/C ratiO..........cccceeveeeeeiiiiiiccceeeeeeee, 77
Figure M. Variations in (a) VFAs, (b) COD, and (c) cumulative CH4 production dutie
BMP assay of dairy SIUAQE..........oooeviiiiiie e e e e 36



List of tables

Table 1. Wastewater characteristics from different countries aroumgbtie.................... 15
Table 2. Typical properties of the primary and waste activated sludge....................... 18
Table 3. Biogas composition from different feedstock...............vvvviiicccrreeiiiiiiiiieeenn. 22
Table 4.Parameters for calculatingogas generation potential from wastewater........... 33
Table 5. Parameters for calculating biogas potefibat anaerobic sludge digesters......34
Table 6.Parameters for calculating electrical energy generation potential.................. 35
Table 7.Parameters for calculating thermal energy generation potential.................... 36
Table 8Parameters and assumptions considered for the tedummmic assessment......37
Table 9.Summary of the main parameters for the LCA inventory modeling................ 40
Table 10.Summary of the main parameters for the LCA inventory modeling during the
(o] o) 1N =] I oT0] 0] 01U 1S3 1 o) o PP PPPP 41
Table 11.Summary of the main parameters for the LCA inventory modeling during hydorchar
(o] geTo [N ToduTe] o I (I IO PP P PP PP PP RRRRPY 2

Table 12 Wastewater characterization form three different sites. Standard error is shown in
parentheses. Statistical difégrces are indicated by different superscript letters....55
Table 1. COD and BOD values of different types of wastewater (Hungary). Standard error is

SHOWN IN PArENtNESES.......ceiiiiei e ee e e e e e e e 57
Table 14. Single way ANOVA of SS reduction duryV disintegration......................... 63
Table B. The effect of MW disintegration on VFAs concentrations in flocculated sludge.

Statistical differences are indicated by different superscript letters...................... 64

Table16 The effect of MW disintegration on the aquematid phase characterization for
dairy sludge. Statistical differences are indicated by different superscript.letters .65

Table I7 US and MW energy balance assessment..............ccccoevvveeeeiiieeeeeeeeeeeeeeeeeennnn. 69

Table B. Comparison of the effects of temperature and residence time (severity factor) on
hydrochar yield formation as reported by the previous studies and the present

INVESTIGALION... ..o errr e s e e e e e e e e e e e e s amenraaaeaeaaaeeaees 70
Table19. Proximate and ultimate analyses of dairy sludge and digestate. Standard errors are
SNOWN IN PArENTNESES. ...t e e e e e e e e eeene e 76
Table20. Aqueousphase charaatation of dairy sludge andigestate after HTC treatment
(Standard errors are Shown in PareNthESES).......ccvvviiiiiiiiiiieec e 80
Table 2. VFAs concentrations in dairy SIudge............uuueieiiiiiiiiieeciiiiiiiieieeeeeee e 83

Table 2. Comparisons of the experimental BMP and theoreBs&P (Boyle's Equation).87
Table B. Energy balance of all valorization approaches considered in this.study....... 38
Table 2L HTC energy DalancCe..........ooo et 39



Abbreviations

AD

BD

BMP

BOD

COD

DDW

DNA

DOC

DS

EPS

EC

FTIR

FU

GC

Gs

HTC

HRT

ICP

LCA

Anaerobicdigestion

Anaerobic biodegradability

Biomethane potential

Biological oxygen demand

Chemical oxygen demand

Double distilled water

Deoxyribonucleic Acid

Dissolved organic carbon

Dairy sludge

ExtracellularPolymeric Substances

Electrical conductivity

Fourier transform infrared spectrometry

Functional unit

Gas chromatography

Gasification

Hydrothermal carbonization

Hydraulic retention time

Inductively coupled plasmspectrometry

Life cycleassessment



MW Microwave

SAR Sodium absorption ratio
SCOD Soluble chemical oxygen demand
SS Suspended solids

TN Total nitrogen

TAN Total ammonium nitrogen
TC Total carbon

TDS Total dissolved solids

TOC Total organic carbon

TS Total solids

us Ultrasound

VS Volatile solids

VFAs Volatile fatty acids

WWTP Wastewater treatment plant



1. Introduction

The efficient treatment of dairy sludge is a challenge due to its high content of proteins,
carbohydrates and fats. The relative proportions of these compounds in dairy sludge vary
depends on the methods of operation and hence, onsite solutions priaal tdigposal are
needed and requirgtl]. Anaerobic digestion (AD) is a biological process in which the organic
matter isconverted into carbon dioxide (GOand methane (C4H)l AD has been considered
previously as an efficient treatmeathniqudor industrial and municipal waste sludg@¢. AD

breaks down sludge gel networks and reduce water affinity of sludge tobrdughkbiological

series of hydrolysisacidogenesis, acetogenesis and methanoggB¢sidowever, the high

rates of fats, carbohydrates and proteins in dairy sludge limit its conversion rateAddijhg
Therefore, several studies have dealt with the aspect of coupling the biological treatment (i.e.,
AD) with several thermochemical processes such as microwave irradiation, hydrothermal

carbonization (HTC) and biomass steam gasification to enhance tlad effeziency of AD.

Unlike the conventional heating, heating via microwave (MW) irradiation is converted directly
into thermal energy through the molecular interaction with the electromagnetic field. Thus, it is
expected to increase the surface aregliaige and improve the enzymatic degradation of the
organics[5]. Moreover, MW irradiation is responsible for changing the positiominthe
polarized side chains, which results in breakage of the hydrogen bonds, disintegration of the
flocs matrix, and changing the protein structures of the microorgaf@§nidestruction othe
microorganisms occurs because of the thermal effeitiedfiWV irradiation. Hbwever, several

studies argued thdW irradiation has athermal effefat].

HTC on the other hand is a thermochemical process in which saturated water and vapor pressure
are utilized to convert waste biomass into carbion productg8]. HTC is typically perforred
in temperature ranges betweenil®® 0 AC and a u t[9.dHence theswaterr e s s u

content stays in the aqueous phase during the HTC reaction, but its density and dielectric
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constant decrease. Similartjpe O and H contents of the feedstock decrease because of the
intense dehydration and decarboxylation reactions taking place during the pt6¢esd C-

derived hydrochar can easily be separated from its aqueous phase due to its high hydrophobic
and friable propertief8]. Moreover, the high mass and energy density of HTC hydrochar make

it suitable as a clean energy sourts|.

Steam gasification is another thermochemical techniquectraterts the drypiomass into
syngas and char. In some cases, amagligible amount ofiquid productsis also produced.
Syngas is the gaseous mixture containing C® OHls, CO,, H20, and N, while char is the

solid carbonaceous material with highly porous structure and 2ktsimilar to HTC, coupling

AD with steam gasification has been evaluated previously, but in two approaches only. In the
first approach, steam gasification of the AD digestate was evaluated to increase the energy
recovery and eliminate its emissions. Whilehia second approach, the injection of char inside

the AD reactor to enhance the reactor performance was investjg&letiowever, the main
disadvantage obiomasssteam gasification is the energy required for drying the feedstock.
Hence, hydrothermal pretreatment of biomass is suggested before steam gasification to enhance
the mechanical dewaterability of sludget]. In addition, hydrothermal treatmentaspected

to improve the syngas quality during steam gasificafi@). To the best of our knowledge,

there isno study as of yet investigatétifC of AD digestate for the possibility of subsequent
steam gasification.Therefore, the feasibility of ABHTC and ADMW coupling was

investigated and evaluated in thsrk

The current research considered low HTC and MW processing temperatures, short retention
time, and the reuse of the process water for the sustainability of the pindbssrespect, the
pretreatment of raw dairy sludge and AD digestatepvasr f or med at temper atu
in caseof MW treatment and between-84 0 A C i n . Tthenstle producediodiuCts

wereused asin enhancan theAD and biomassteam gasificatiarMoreover, the effect ahe
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thermal pretreatment on sludgedaegradability was evaluated based on Boyle's equation.
Figure 1highlights the noveltyn the presentvork by presenting the recently investigated

combinations and those assessed herein (objective 1&2).

AD digestate

Figure 1. A schematic diagram representirig HTC posttreatment and4) HTC
pretreatmento AD.

Resource recovery from wastewater treatnpdauits(WWTP9 is a multidisciplinary field of

study, ranging from energy and nutrient recoveryh® production obio-energy and bio
fertilizers, and other valuable resources. This work attempts to provide a holistic vidw of
resource recoverwithin the wastewater treatment doméawy analyzingits benefits and
contributions. Further, to narrow down the focus and scope of this thesis and canduct
comprehensive research in the field of sustainable energy systems, the implementation of
different pre and post treatment techniques to anaerobic digestion were analyzed and evaluated.
The choice of studying biogas and hydrochar recovery from WWTPsapiyrwas inspired by

my M.Sc. work at Zuckerberg Institute for Water Research, BGU in Israel.

To conduct quality research and maintain the focus of the thesis, the scope is limited to
analyzing energy recovery through biogas, hydrochar and syngas gamehldtire so, an

analysis of all recoverable resources such as nutrients and other inorganic materials were

12



included in the scope of this project. Further, this research tried to analyze the overall
sustainability ofthe WWTPs and examine the various medbah chemical, and biological
processes that make up the complete wastewater treatment system. Howevdepdin Life

Cycle Analysis (LCA) and Material Flow Analysis (MFA) covering the entire WWTP value

chain was not possible in this work due to timatation.
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2. Literature review

The need for renewable and sustainable enaltgynativess essential to mitigate the global
warming which implies a focus on reducingur waste to a minimunwhile recovering
maximumresources from waste streams, whichurn, will reduceour dependency on fossil

fuel [16].

In line with the concepts of sustainable development and circular economy, this research thesis
explores the avenues of resource recovery WWITPs As essential waste treatment utilities

in urban areas, WWTPs present a unique opportunity to recover important resources such as
energy and nutrient¥his sectiomeviewsthe potential benefits of energy and resource recovery
from WWTPs, and develops an assessment tool for evaluating thectdcleconomic, and
ecological feasibility of recovering energy in the form of biogas and hydrochar. It is aimed at
energy and sustainable development of WWTPs operations and provides a tool to assess the
potential for recovering biogas ahtbmasdor bioenergy production. This work also evaluates

the feasibility of implementing hydrothermal reactor in combination with anaerobic digestion

in a functional WWTP

The literature review is useful in synthesizing information on important conceptslififenent
aspects, their benefits and limitations, and to identify sectoral knowledge gaps that are common
across this research area. This holistic literature review aims to cover the field of resource
recovery from wastewater and sludge, and to exameantent technologies, assessments,

research methodologies, case studies, policies, as well as the gaps in the current knowledge.

2.1Wastewater treatmenti global and regional status

Increasing amount of industrial wastewater is discharged every yearessilaof human
activities. Since the 1980s, an approximate of 10,000 new chemical compounds are introduced
to the industrial sector annually. The characteristics of the discharged industrial effluents vary

depending on season and collection point. Moreovwedustrial effluents vary in their
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composition depending on the type of the indysarnd the materials used. In general, the
composition of effluents includes a range of constituents such as biodegradable and non
biodegradable organics, inorganics arfdbitory substances. The differersee the wastewater

characteristicen differentcountries are shown in Tablg17].

Table 1.Industrial wastewater characteristics from different countries arothGlobe

Parameter (mg/L) us France Hungary Morocco Jordan
BOD 110400 100400 190 300 45 152
COD 250- 1000 3001000 200 350 200 386
Total solids 100-350 150530 250 400 160 658
TC 319 419 9921019 213 144 588
TN 140 340 143 111 419
Total VFAs 944 3003 2218 1002 2010

The industrial effluents may be nutrient deficient and contain high concentrations of heavy
metals[18]. Theflow pattern of industrial efflent streams imainly influenced by the nature

of operations and it differs by season and location, therefar@mnarehensive understanding

of its characterization is essenti@he discharged wastewater contains significant amounts of
biomass consisting of proteinsabohydrates and lipidsThe specific characteristics of the
dischargedwvastewater vary depending on the methods of operation and hence, the relative
proportions offats, proteins and carbohydrates differ constar@tyne of theseompounds
result in biodegadability difficulties caused by sluddg®tation, which is attributedo the
presence of fafd9]. Moreover, the high rate of fat adsorption may limittda@sport of soluble
substratesind consequently cause the conversion rate in the substralesréas¢20]. The

two common parameters used toastigate the composition of wastewaterthesbiochemical

oxygen demand (BOD) and chemical oxygen demand (J@1}) BOD is a measure of the

15



amount of the dissolved oxygen consumed by bacteria &t @While regulations for BOD
values vary in different locations, the typieaiceptableange must not exceed 300 md2i].

On the other handCOD is measured chemically by digestion with acids and is used to
determne the amount ofotal organics (including nehiodegradable organics) within the
wastewater[22]. COD/BOD ratio has been commonly used as an indicator for the
biodegradatiorassessment of wastewatand its values mustnot exceed 2.5 for domestic

wastewaters antiO for industrial wastewate[&3].
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2.2Resource recovery potential

There is a essentiaheed to mak&/WTPsmore energy efficient aneécoromically viable In

other words WWTPs must be designed and openatth resource optimization and energy
recoveryfocus Netherlands, foe x a mp | e, introduced the concep
suggests that WWTPs can become factories for
and provide a picture of how a sustainable WWTBN operate in the futurfd7]. The
biorefinery concept envisions WWTPs as factories (refineries) modelled on an oil refinery,
where the raw materials (wastewater) are refined to extract and recover several beneficial
products, with wastewater treatment being the primary objectivaeTkealso a growing
consensus to start looking\WWTPsaswastewateresourceecoveryfacilities where resource

recovery ishe primary function of the facility, lang with wastewater treatmerithe value of
theseresources varies based on their ends ugsththe treatedvater beinghe most valuable

resourcehatcan be recovereflom the procesglL7].

Wastewater sludges an important carrier of valuable resources such asvéiter, nitrogen,
phoghorous andrganic carbonvith different proportiongTable 2). The embedded minerals

can be utilizedn bio-fertilizers,whereaghe organic carbon can be usedoil amendmentr

as aclean energgoure [9]. In addition to theecovered water, organic matiand nutrients,

the recovered energyan providean additionalvalue proposition. While several treatment
methods require considerable energy during their operation, a net energy gain can be achieved
by recovering energy from anaerobic treatment of wastewater and sewage slubgsygir

the valorization of bio-fuels using thermahemical processesuch as hydrothermal
carbonization and steam gasificatidmaerobic digestion is defined #ise biological process

in which a consortium of microorganisrhseaksdown comgex biodegradable organi@sto

methane(50-80%) and carbon dioxide (380%) in strict absence of oxygen (anaerobic

17



conditions). The combination of methane and carbon dioxide produced during areaerobi

digestion is known as biogas.

Table 2.Typical properties of the primary and waste activated sludge.

Parameter (% dry weight) Primary sludge Waste activated sludge
Typical Range Typical Range

Total dry solids 6- 12 10 2-6 5
Volatile solids 50- 100 85 20- 35 20

N 1.0-35 2.0 0.54.0 1.6
P20s 0.9 29 1.9 2.1-3.0 24
K20 0-1 0.4 1-3 1

pH 5-8 6 6.575 7

Nutrient recovery as biosolids
The capture and reuse of nutriemtsagricultural applicationfrom the wastewater treatment
process i commonpractice[17]. However only 1020% of allof thewastewater generated

globally is directednto the treatment facilitiegL7].

Sludgeis aconcentration of nutrients and orgasinasa high potentiator energy and nutrient
recovery. It contains nutrients like phosphorous and nitrogkich are essential for plant
growth, giving it the potentialuse as dertilizer. The sludge alsoontain organic carbothat

can beused to improve soil structurer produce bio-energy[9]. Relevant policies and
legislations were developéd promote sludgetilization which has resulted in increasing use

of wastesludgefor further applicationsn agriculture However, further research into the
biochemical effects of sludge use in soil is essential to detect any toxicity or microbial inhibitors

before drawing such conclusiof$§.
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Utilization of sludge differs from country to country based on the local regulations and
development priorities. For countries with low soil nutriticke Spain agricultural use is
recommendedvhere nearly 100% of the biosolids are used in agricu[tlife On the other
hand,in heavily industrialized economiethe heavy metals isludgeis a concern, making
energy generation from sludge maté&active This is the case in the Netherlands where almost
all of the producedsewage sludge is incinerated tmoenergy productiol?7]. Thus, t is
imperative to separate industrial and domestic wastesvatet limit the concentrati@nof
harmful chemicals and heavy metals in wastewater streams. On a global level, the utilization of
waste activatedludgevary from region to another and from country to anothredeveloping
countries such as Turkey, Brazil ahdlexico, biosolids are useshodestly in agricultural
applications, whilen otherdevelopedations such as Japan, Austria #mel Netherlandghe

agricultural ussof sludgeis limited due to concerns regarding groundwatgtution [17].

Phosphoraus recovery

Phosphorous recovery is becoming more of a necessity than an option, as it is an essential
nutrient.The demand for phosphorous will start exceeding the supply by 2035, creating a global
challenge for food production and agriculture as there is no substitute available for the
nutritional values of phosphoroii7]. Wastewater treatment provide a viabjgportunity to

recover phosphorous from waste streams, thiépotential to replacene thirdof the global
phosphorous demanBecently, there were sombeeamical ad biological processestroduced

to recover phosphorous, with tiperpose of using iin agriculture Suchmethods include

adding magnesium chloride to wastewater streams with high P content isdatgéVWTPs,

with several fullscale technology demonstrations across the wj@ddl Countries such as
Sweden and Switzerland have mandated phosphorous recovery from wastewater treatment
plants, and are providing the first experiences in what a regulatangirark necessary to

unlock the global potential for phosphorous recovery.
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2.3 Energy recovery potential throughbiofuels

Energy can be recoked from biomass as a saqlitjuid or gaseous fuelln case of solid fuel,
biomassquality can be determined by its compositi@pecifically, he solid fuel qualitycan
beassesselly pottingits atomic H/C and O/C ratios thewell-knownVan Krevelen diagram
[9]. This evaluation method was established in early literature and is used commsolig

fuel research.

Based orits reactivity, biomassan becategorized into reactive and inert componédpitsvious
researchried tounderstand the effect of theactive and inert components loilemassguality

as a solid fuelincluding itscoking pressurg9,25]. Biomass fuel quality can be improved
through hydrothermal treatment during whiglrinite aretransformednto devolatilises and

then solidifies to form a porous and continuous matrix of metallurgical coke, which acts as a
binder to hold other congments togethef26]. Biomassreactivity during hydrothermal
treatments closely related to the hydrogen content tHietarbon molecular structufg27]. A

high hydrogen content enhances the mesophase mobility by suppressing the tendency to
develop radical molecular specids summarybiomassharacteristihas a significant impact

onits combustiorbehaviorif used as a solid fuel to produce bioenergy

Another possible path in utilizirgudgebiomasscan be throughnaerobic digestiolAD). AD
breaks down sludge gel networks and redbeevater affinity of sludge througthe biological
series of hydrolysis, acidogenesis, acetogenesis and methanof@nesysirolysis is the wet
(hydro) disintegation (lysis) of the complex compound3uring hydrolysis, the complex
moleculesareconverted into simpler anaore biodegradable forms of organigghereas the
complex compounds such as carbohydrdipsls and proteinare converted into sugars, fatty
and amino acidsespectivel)y{28]. Thesecondstage ofAD is acidogenesiand considerethe
quickest In this stagecarbohydratesamino and fatty acids are broken down into organic acids,

hydrogen gas and carbon dioxide by the acidogenic ba¢®®jiaThe same bacteria convert
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the resulting organic acids into acetic agidlongside additional ammonia, hydrogen and
carbon dioxide[3]. The final stage of AD is methanogenesis in which methane)(&H
produced bythe methanogenic mroorganismsOther fermentative productseproduced by
the methandorming bacteria. Theundigestedcompounds such as alcohols and organic
nitrogen are usuallyaccumulatd in the digesteandthendischarged with the waste activated

sludge[30].

In case of pretreatmentjgher methane productioduring AD is a clear indicator of the
increased availability of the organic substrates within the biomass, which leads to an enhanced
conversion of the organics during methanogenesis (methane production). The amount of
methane producezhn beexpressed in terms of g@OThe anaerobicibdegradability (BD) of
sludgecan becalculated based dhe experimentatesultscompared to the theoreticasults

according tdBoyle'sEquation(1) [31].
BD (%) = (BMPexp/ BMPx) T %1 0 0 (1)

In all cases, igher theoretical valuesreexpected as Boyle's equation does not account for the
nonbiodegradable organics. Moreover, not @ilthe biodegradable organics present in the

feedstock are consumedring AD[32].

After the oil crisis in the 70s alongside the growing environmental awareness;iibgaison
took a sharp increase worldwide. Generaltyn® of biogas can produce energy equabhe
liter of diesel[28]. Compared to otherenewable energy technologidsogas is the most
practicedworldwideand it has the lowest financial input per unit of energy output compared
othertechnologie$33]. A typical biodegradation of organickiring AD can be represented by

Buswel |l 68)[EQuati on

CoHaOp+ (N- a/4-b/2) KO Y ( n-bi2) €la + B/2-a/8+b/4) CQ )

21



This theoretical method is derived by balancing the total conversi@of the organics
introducedby CHs and CQ with H.O assuming that the composition of the organics is
complete.Table (3) shows a typical composition diogas from differentypes offeedstock

[24].

Table 3.Biogas composition from different feedstock.

Feedstock CHa(%) CO2(%) 02(%)  N2(%) H2S (ppm)
Animal manure 55- 58 37-41 <1 1-17 32152
Sewage sludge 61-65 36-38 <1 <2 -
Kitchen waste 50-60 34-38 <1 <5 100900
Agricultural waste 60-75 1933 <0.5 <1 10004000

Ideally, the aim is to enhance the volume of biogas production and the fractior,oivkilé
reducing CQ and HBS. The minimum acceptedconcentration of Cllin biogasfor energy

productionshould nofall behind50%][34].

Anaerobic reactors are classified dependinthephase of digestion, wet or dry. Dry digestion
contains approximately 280% dry solidsand thewet digestiorhas less thath5%dry solids
One significant advantage thfedry digestions thatit consumesgess waterwhich reducethe
overall volume ofthe reactor However,the digestion efficiency is often hampered whee
moisture content is naénough, sincet decreaseshe substraté swvailability lowering the
digestion ratef35]. Another way to classify anaerobic reactsrbetweerbatch and continuous
reactors. In bi@h reactorsall stage®ccurat thesame time anoh the same&ompartmentThus,
thehydraulicretention time (HRT])s relatively long and@¢ouldreach up to 100 ga. The main
advantages of thosgstemghe simplicityin design and operatiowith efficient quality control
and low operatiorcost. Usually these benefits come at the expensé¢hefvariations in the

digestion quality{36].
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Continuous reactorsan ke built as singlestage reactor or twstage reactorn the latter type,
there is spatial separation between the hydrobsitacidogenic staggrom one sideand the
methanogensien the other sidéor more efficientdigestion(i.e. higher biogas generation and
shorter HRT) However, these types of reactors are more complex totepmnd usuallyare

not suitable fosmall scale reacter

Commercially, anaerobic reactors are categorized based teettetock andhey fal into

four general categoriesccording to the American biogasuncil[29]:

1. Covered anaerobic lagoon diges&ealed with flexible cover to recoverethane and piped
to the combustion device. Some systems use a single cahd@mombined digestion and

storage.

2. Plug flow digester: Long, narrow omete tank with a rigid or flexible cover. The tank is
built partially or fully below grade to limit the demand for supplemental heat. Plug flow

digesters are used at dairy operations that collect manure by scraping.

3. Complete mix digester: Enclosed, tesatank with a mechanical, hydraulic, or gas mixing

system. Complete mix digesters work begh moredilution of the excretediomass.

4. Dry Digestion: Upright, silstyle digesters made of concrete and steel with rigid cover. Dry
digesters operate 20 to 426 total solids, which allows them to combine high digmassand

crop residuals with very dilute liqgultiomassor cosubstrates.

The specific design of anaerobic reactors depends on the source ofamdsteespecific
purpose. A sustainable orga loading rate (OLR), hydraulic and solids retention time, and the
size of the reactanustbe considered before designing the reactor in order to get the maximum
possible methane yieldbpential[35]. Moreover, mixings an important aspect as it helps with

dispersion and microbiactivities[37].

23



2.4 Parameters affect biogas production during anaerobic digestion

Since anaerobic digestion consist of microbial processes that are conducted by several groups
of microbes in need of different environmental conditions, achieving optimal performance is
challenging. In principle, the parameters affect the biological &esuwmight be important for

the evaluation and design afiyanaerobic digester. The main factors susmarizederein.

pH

pH plays an important role during anaerobic digesfl¢re @timum range of pH to obtathe
maximum biogas production can rangewsn 6.57.5[27]. During the early stages of AD,

pH drops with the production of acetate é&aitly acids butmethaneforming bacteria consumes
thoseacids and regulate the pH later blence pH valuescanserve agsn indicatoto determine

the rates of the processduring anaerobic digestion. For example, in the startup period, the
volatile acid productiomateis higher than the methane production rat@ch can be explained

by the lower pH valug at the begging of the AD procd8§)].

Anaerobes are most efficiertta pHrangeof 5.5-6.5, butthe methanogens activity is optimal

at a pH rangbetweert.5-8.2. Therefore, one stage reactors are often less efficient and harder
to controlthantwo stagereactos. The latter carcompensate the differerea pH between
hydrolysis and methanogenef38]. The uffer capacity inside the reactor is achieved mainly

by the carbonate system atti ammonia produced during the AD procg33).

Temperature

The microbial biological activities accelerate with increasing temperatures, but only to a certain
level [40]. This could beattributed tothe increasa solubility of the organic compounds with
increasing temperaturg89]. For exampleAD at2 0 A C r e (thd retemion timevi c e
compared to that 40A @ produce the same amount of biofgsTherefore, AD can perform
underideally underdifferert ranges of temperatuteet ween 35 ACand(66eG op hi |

(thermophilic)[41]. However, he rates oimethanogenesisnderthermophilicreactionsare
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higher than thosendermesophilicreactionsfor the sameHRT [42]. In summary methane

production can be achievesider arange oftemperatires fromOup to9 7 [4.C

C/N ratio

During AD, C is used for cell growth and energy production, whereas N is consumed to
synthesize amino acids, proteins, and nucleic acids. Theoretically, anaeookasme C G

times faster than N during Aliteraturerecommended an operati@jN ratio between 20/1

and 30/1Somestudies howeverdemonstrated that an efficient AD can be accomplished with
lower C/N ratio than previouslysuggestedas low as 14 [43]. However for a successful
operation under loer C/N ratio, there is a special need for the development of a specific
microbial population and diversity which cha challengingimproper C/N ratios can result in

a high total ammonia nitrogesroductionresulting n ahigh volatile fatty acids accumulation

and a significant drop in pE4].

Volatile fatty acids accumulation (VFAS)

Volatile fatty acids(VFAs) are organic acids produced during the first and second stages of
AD. VFAs are soluble in water and they serve as subsfatthemethane forming anaerobes.
VFAs are one of the most important factors controlling tHeciehcy of AD [45]. The
concentrations oFAs may changeuring AD because dhe changén temperatureandthe
organiccontentof the substrat89]. The acumulation of VFAs results in peirop, however,
themethanogenic bacteria balanttes acidityof the reactoby producing Ealine products such

as ammoniunand bicarbonatg89].
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2.5 Pretreatment technologies

The efficient treatment of wasteudige is a major challenge becausehaf high content of
proteins, carbohydrates and fai$ie relative quantities of these compounds in waste sludge
vary according to the change of wastewater components and the variable removal efficiency of
thewastewater treatment processes. Some cause biodegradability difficulties related to sludge
flotation, which are mainly attributed to high presence of fatdrief review of some of

treatmenimethods are described herein.

Microwave irradiation

Hydrolysis is the first andould bethe rate limiting stepluring AD [7]. Hence, pretreatment
techniques were suggested to facilitate the hydrolysisdatgpg AD to achieve a faster dn

more efficient disintegration process. Among those, thermal treatment has long been recognized
as one of the most effective methods for sludge conditioning. But unlike the conventional
heating, heating via microwave (MW) irradiation is converted direatly thermal energy
through the molecular interaction with the electromagnetic field. Thus, it is expected to increase
the surface area of sludge and improve the enzymatic degradatieoajanicq5]. Moreover,

MW irradiation is responsible for changing the positioning in the polarized side chains, which
results in breakage of the hydrogen bondsntegration of the flocs matrix, and changing the

protein structures of the microorganisffs].

Previousstudies investigated the effect of MW pretreatment as a function of temperature in
which high degrees of sludge solubilization were achieved correlated to high temperatures
during MW irradiation For example, the study pf6] investgated the effect of MW irradiation

on waste activatesludge in temperatures betweeiA C a n d caoenltahcanteet th
biogas production up to 16%%loreover the study of6] reportedan enhancement of 50% in

bi ogas production after MW pr edoweeeg henpanmet I n
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disadvantage of MW irradiation is its high energy consumption, which can be minimized by

combining it with lower energy disruption methodstsas ultrasound (U347].

Ultrasound (US) disruption

Sludge exposure to US is expected to increase the rate of extracellular polymeric substances
(EPS)release and increase the solubility of organicstdtiee effect of the acoustic cavitation
force[47] The soecalledcavitation force is initiated by thenergy release upon the implosion

of thegas bubbles generated during US treatment. Hence, ultrasound processing is expected to
enlarge the reaction boundary and break the bonttie bighly polymeric substances, resulting

in more efficient MW disintegrain.

Recent studiemvestigatedhe combination of MWvith other pretreatment techniquasch as

US to minimizeenergy consumption. For example, the recent stid$0] investigated the
effect of disperser induced microwave pretreatmenthercthemical oxygen deand (COD)
solubilization. Thée results indicated a significant reductiortheenergy consumption witain
enhanced COD solubilization (22%) and suspended solids (SS) reduction Aho¥er study

[48] evaluated the effect of combining alkaline pretreatment with MW irradiation on sludge
disintegrationduring AD and corluded an enhancement of 66% at specific energy input of
38,400 kJ/kg TS. To date, ordye studyevaluated the effect of ultrasound disruptfbis) on

MW disintegration of sludgeith many research and mythological gép3]. Hence, further
research and development is needed to understand the effect of this phase separated
pretreatment othe energy and resource recovery of tiestewater treatment proceas well

asto evaluatats effecton sludge biodegradability as current informatiostil in its infancy.

Hydrothermal carbonization (HTC)
HTC is a thermochemical process in which saturated water and vapor pressure are utilized to
convert waste biomass into carbech products[10]. HTC is typically performed in

temperature ranges betweenil3® 0 A C and a u {9D ldeace,deuvater pontens s u r e
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stays in the aqueous phase during the HTC reaction, but its density and dielectric constant
decrease. Similarly, the O and H contents of the feedstock decrease because of the intense
dehydration and decarboxylation taking place during tbegsq10]. In addition to the solid
residues, liquid and gas products are gismlucedduring HTC. The liquid products obtained

from the HTC of agricultural wast§49], sewage and dairy slud{#0,50], human excretfl 1],

and poultry litter[9] have been considered for different purposes, such as the production of
nanostructured and adsorbent materials for soil amendment and bioenergy production. The
characteristics of HT@roducts under different ranges of conditions relsebeen extensively

studied[9,20].

HTC-derived hydrochar can easily be separated from its aqueous phase due to its high
hydrophobic and friable properti¢®]. Moreover, HTC hydrochar has ggh mass and energy
density andherefore, is suitable for use as a clean energy s¢28eGiven its promising
attributes, lhere has been a rapid surge in interest in HTC hydrochar for environmental and
renewable energy applications. For instarj2é] highlighted tle climate change mitigation
potentials of hydrochar, whereas the application of hydrochar for soil amendment has also been
well established51]. The energy conversion and gas emissions during hydrochar production
and incineration have also been investigated previ¢2S|$2] Different approaches habeen
suggested to utilize HTC hydrochar and liquid products foroli@and syngas generation
through fractionation and steam gasificatj@6,53]. Moreover, HTC aqueous phase has been

successfully used as a nutrient source for algal biomass prodifetion

HTC hasalsobeen investigated previously as a pmsatment to AD to reduce the digestate
volume and emission$31], and maximize methane productigb5]. However, more
information is needed about the energetics of such a coupling to assesssiisteatiability
and evaluate the effect§ asing HTC digestate in soil. Another domain requiring further

research is using hydrochar as an enhancer in the AD pia&&ss
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Biomass steam gasification

Steanygasificationconverts (dry) biomass into syngas and char. In some casesnagimible

amount of aqueous phase is gisoduced. Syngas is the gaseous mixture containing O, H
CHs4, COy, H20, and N, while char is a solid carbonaceous material with a highly porous
structure and agb6]. Similar to HTC, coupling AD with steam gasification has been atadl
previously, butonly in two approachedn the first approach, steam gasification of the AD
digestate was evaluated to increase the energy recovery and eliminate its emissions. While in
the second approach, the injection of char inside the AD re&xtenhance the reactor
performance was investigat¢t3]. However, the main disadvantage of steam gasification is
the energy required for drying the feedstock. Hence, hydrothermal pretreatment of biomass is
suggested before steam gasification to enhance the mechanical dewaterability ofsslidge
Hence hydrothermal treatment is expected to improve the syogadity during steam

gasification[58].

2.6 Sustainability Assessment

The assessment and selection of diffepretreatmenprocesses for energy recovery depends

on a variety of decisiemaking tools and methodologies. The teckeeonomieenvironmental
assessments are based on the underlying principles of sustainability, and aim to enable decision
makers to implement processasd pathways that can satisfy the different dimensions of
sustainability. Such assessments rely on the definition of adequately list of accepted and

relevant criteria and indicatofs9].

In this section, different indicators to provide a preliminary understanding of the bioenergy
recovery potential froma WWTParediscussedThe technical, economic, and environmental

indicators were choserabed on thexisting literature.
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The assessment methodology

A holistic techneeconomieenvironmental agessment of bioenegy recovesydependent on

the selection of muldisciplinary sustainability indicators, which can encompass the different
sustainability dimensions. Using these indicators, different tools such as the life cycle
assessmerit CA) can be integrated to create a complethneeconomic assessmgg0]. In

the first phase, the scope of the assessment and the boundaries of themnsystbedefined.

This includes the selection and design of sustainability indicators for the energy recovery
systens, the definition ofthe procesesboundaries, and the variables and criteria that must be
measured to quantify teeindicators. Some indicators might be hard to quantify due to lack of
data, however, it i®ssentialto include such indicators qualitatively to ensure the multi

dimensionaty of the assessment.

Boundary conditions

High-rate anaerobic reactors are used for anaerobic digestion in the wastewater treatment line.
Theserespective technologies can also operate simultaneously ohnsstlofwastewater and

sludge treatment, leading to the recovery of biogas from the wastewater sludge. All processes
have the pa@ntial for bioeenrgy generatiorgtce, it is important to note the distinction between

the different options when assessing the sushdlity and defining indicators fothe
assessmentor instancemethodologies to evaluatbe biogas potential are differefitom

those of HTC and biomass steam gasification.

To simplify this distinction, two process boundarmasst beidentified these arealledthe
processdefined boundarig€0] and can be selected with the aim to compateveerdifferent
processesand alternaives. It is important to note that a WWTP might employ bioenergy
recoveryin different forms such asbiogas and hydrochar productianin this case the

assessmemhustrequire boundaryx@ensions to include both ling¢Bigure2).
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Figure 2. HTC pretreatmentsystem boundaries.

The system boundarider biogas recovery fronrma WWTP includes the higitate anaerobic
reactor, the influent into the reactor frahe primary treatment, and the treated effluent from
the reactor. The biogas produced from #ectoror the energy recovered form of electricity
and heamust beconsidered in the system boundari@a the other handhé systenboundaries
for bioenergy recovery from HTC includéee recovery of energy from tipgimaryandwaste
activated sludge. The endeof the digested and stabilized sludgastalsobeincluded in the

process boundaries

Indicators for the sustainability assessment framework

An LCA and a cosbenefit analyse can be beneficial to obtain a preliminanderstanding of

the potential amount dhe bioenergy that can be recovered, including the energetics of HTC
implementation. This preliminary data can also help gather approval from various stakeholders
to further investigate the scope fibre bioenergy ecovery in their facility. To achieve this
objective, a set of indicators along with the rationale for their selentigst bediscussed.

Although there are several methods to utilize the biogas generat¥dWiT#®, theassumption
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here isabout the energy recovery using@eneration of heat and power (CHP). CHP is the
most widely used method tdilize the generated biogas, and it can be economically viable on

a comparatively lower investment c{i38]. Based omprevious recommendations, tinelicators
mentioned hereihave been selected for their prevalence in existing academic research, and are
representative of the crucial information that is the coramyffeasibility study. They are
transparent, edgi quantifiable with weHdefined methodologies, and are capable of clearly
indicating the performance towards sustainability. Detailed descrigifathesemethodologies

about are presentéal this section.

Technical indicators

a) Biogas GeneratiorPotential: The estimated biogas generation potential from a substrate is
the most important technical indicatdtr is an essential indicatandit is used in researdo
indicate the quantity of biogas that can be generated per unit input, in term®oBOD or
volume of influent. The biogas generation potential can be calculated by several methods
[10,61] The theoretical methods are helpful in evaluating the potential for biogas recovery,
thereby precluding the need for extensive laboratory procedures and measurefvents.
thoughthis indicator is widely used, there is a lack of a standardized unit and methodology for
reportingthe biogas values, which makes it difficult to compare results frdfardnt studies

to identify the best practiseThe biogas generation potential from anaerobic treatmeat of

domesticWWTP canbe estimated by the followinggation(3) [28].
Us o0 vod W ( WITY QY6 648 1Dp ©)

The description of the various factors is given in Ta{E7].
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Table4. Parameters for calculating biogas generation poterftiain wastewater

Variable Unit Description Assumption

Qsew me/year Total sewage flow into the As per actual
anaerobic reactor

So kg/m? Influent chemical oxygen As per actual
demand (COD) concentration tc
the reactor

S kg/m? Effluent chemical oxygen As peractual
demand (COD) concentration
Y kg CODsludge/kg CODin Solid production yield 0.17
f(T) Volumetric correction factor due
to temperature
CCHs % Concentration of methane in 60%
biogas
IL % Loss index of gas in the reactor 40%

due to leakage or dissolution

The volumetriccorrection factor f(T) is calculated according to the following Equaddn (

[ o)
QY = (4)

Where P is thetmospheric pressure (1 atm); K is B®D consumeger production of 1 mol
of CHs (64 g COD/mol); T is thaverage ambient temperature (298 &)¢d R is theuniversal

gas constant (0.08206 atm.L/mol.K).

For biogas recovery from sludge, the methodology suggest@&Dbis utilized based on the

following Equation ).
0 "YY-02) D — (5)

Variables are defined in Tabbg17].
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Table5. Parameters for calculating biogas potential from anaerobic sludge digesters [17].

Variable Unit Description

Qsacss me/year Potential biogas generation from anaerobic

digestion of sludge

SS gSS/inh.day Mass of sludge directed to the sludge treatn
stage
VS:TS Volatile-to-total solids ratio
E % Volatile solids removal efficiency

Qeevs M3kg VS destroyed Biogas production rate per kg of VS destroy:

Peon inhabitants Contributing mpulation

b) Energy (Electricity and Heat) Generation Potential:The energy generation potential from
biomassis importantin evaluating the sustainability of the system. Electricity and heat
generation using egeneration (CHP) is the most common and economically advantageous
usage of the generated hydrocf&i]. Thus, it is important to quantify the potential electrical

and heat energy that can be generated using a CHP system. Important parameters for evaluation
include the CHP systerefficiency and the calorific value of thgroducedbiofuel. The
guantification of electricity and heat generation potential can also help quantify the amount of
fossil fuels that can be replaced with the generated energy, which can be another important
pamameter to evaluate the economic and environmésdalbility of the treatment processhe

energy potential is usually reported in terms of kWh of energw pigrctional unit(FU). The
electricity generation potential from bioenergy recovery cacab®ilated using the following

Equations§) & (7).
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0 00H6-2 oO0— (6)

0 00— (7)

The various factors in these equations are described in 8.able

Table6. Parameters for calculating electrical energy generation potential.

Variable Unit Description Assumption

P KW The dectric power produced

LHV MJ/m? Lower heating value of methane 35.5
d % Efficiency of the energy conversion technolog 33

Qsc me/year Biogas flow in Anaerobic Digesters

Ccha % Concentration of methane in biogas 60

Factor for unit adjustment 31536

E GWhlyr Annual Potential Electrical Energy
pt hours/yr Annual hours of operation 8760
fe Annual capacity factor of the plant 0.8

The heat generation potential is the amount of the heat energy that moveredrom the
generated biofuel in a combined heat and power engine. Using the method ap#igHity

their analysis of biofuel potential, we can estimate the heat energy generation potential from the
biofuel recovered imny WWTP. However, it is important to note that this is a preliminary
estimation ofthe heat energy generation potential, and il wdry according to the process
conditions, losses, antlerecovery efficiencies of different technologies. The heat generation

(GWhyr) from biofuel produced in a WWTP can be describethbjollowing Equation 8).
O 0 DOowI> — (8)
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The various factors in the equation are described in Table

Table7. Parameters for calculating thermal energy generation potential

Variable Unit  Description Assumption
Etn GWh/yr Amount of thermal energy from biogas
Qsc m®/year Biogas flow inanaerobicdigesters As per actual
LHVes  kWh/m® Lower calorific value of biogas 5.5
Cn % Thermal efficiency of energy conversion technolog 45
fe Annual capacity factor of the plant 0.8

c) Techneeconomic analysis framework

A spreadshedbased modektan bedevelopedbased onliterature to gauge all scenarips
specifically, thoseof the capital and operational expenditure impacts on the wastewater sludge
management. In the pastreatment technologiesvas developed as an environmental
management service, rather than focusindiemassproduction as a profinaking activity

[62]. Also, wastewater and sludge management projects have widely been identified as non
profitable even when revenues from the energy generatmeconsidered The estimatiorof

the individual equipment purchase coah bebased on using cost correlations and capacity
Al | e q umustbeeconstuced in stainless stdelresistacids and corrosive materials
such as bS. A material factomssumption is alsnecessary62]. Fixed operatiorcostscan be
calculated as percentagé®m the revenuesof the productsales. Main recommended

assumptions are compiled in TaBle
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Table 8. Parameters and assumptions otechneeconomic assessment.

Parameter Value/comment
Base year 2020 (September)
Currency EUR

Plant lifespan 20 years

Plant location

Plant construction material

Equipment purchase costd)C

Equipment erection

Piping

Instrumentation and control

Electricalworks

Civil works

Structures and buildings

Lagging and paint

Capital cost estimation ISBL

Szeged (Hungary)
Location Factor: 1.7
316 stainlessteel
Material factor {m) = 1.%
Sum. of individual purchased

equip.
Cer = Ce (fer/fm), fer = 0.5°
Cp= Cefy, f,= 0.6°

Ci = Ce (fiffm), i= 0.3°
Cel = Ce (fei/fm), fer= 0.2°
Ce = Ce (fo/fm), fc. = 0.3°
Cs= Ce (fdfm), fs=0.2°
Cs= Ck (filfm), i=0.1°

ISBL = G

+CertCptCi+Ce+Cc+Cst+Ci
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OSBL
Designand engineering{&E)
Contingency X)
Totalinvestmentost (TIC)
Operating cost
Supervision
Direct salary overhead
Maintenance
Taxes and insurance
Rent of land and buildings
General plant overhead
Allocated environmental charges
Fees
Capital charges
Variable production costsestimation
Electricity
Water
Selling price of byproducts

Hydrochar

OSBL = ISBL ¢sgl, foseL= 0.4
C pee = ISBL ek, foee = 0.25
Cx=ISBL fx, fx=0.1

TIC = ISBL+OSBL+D&E+X

25% of OL
60% of OL
5% of ISBL
2% of ISBL
2% of (ISBL+OSBL)
65% of OL+ supervision
1% of (ISBL+OSBL)
1% of TIC

1% of TIC

1114/ MWh

1.39u0/t

1040/t
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Electricity 570/ MWh

abNo specific factor was found for Hungary in the literature. We utilized the one reported for Germany

in [63].

d) Environmental Indicators (Life cycle assessmenrt_CA)

1 Goal and scope: The goal of the LCA assessment is to evaluate the environmental
performance ofthe treatment methodlhe system boundary starts when the dairy
effluent reaches the WWTP and enter thie digester which includes the biogas
production and utilization, the wateolid separation, the transport and application of
digestate to land (as a liquid fertilizer), and the transport and utilization of the dried
deactivated sludge and hydrochar ymbustion. Since the LCA analysias not
addressed in this workhis literature revievis intended tceset the basis tevaluate the
environmental performance e treatment method3he attributional framework of
HTC conditions was adapted based onvimes findings. By-products production
(energy from biogas and hydrochar, fergiig in the form of digestgtevill avoid the
production of the corresponding market productstand, reduceheir environmental
burdens.

1 Life cycle inventory: The main parameters for LCI are summarized in Bail@ and

11 and detailed in the following paragraphs.
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Table9. Summary of the main parameters for the LCA inventory modeling.

Parameter Value Unit
Anaerobic digestion

Fugitive emission 4.00° % of biogass
Digestate application to land

Digestate transportation 100 km

N2O emissions 3.00 % of N applied
NHz emissions 6.90 % of N applied
Nitrate emissions to groundwater 37.5 % of N applied
Nitrate emissions teurface water 14.0 % of N applied
P emissions to surface water 3.53 % of P applied
CHs emissions 0.05 % of C applied
C sequestered in soil 6.00 % of C applied
Plantavailability of N contained in the digestate 24.5 % of N applied
Plant availability P contained in the digestate 73.0 % of P applied
Plant availability K contained in the digestate 100 % of K applied
N20O emissions following minerdgrtilizersapplication 2.00 % of N applied
Nitrate emissions tgroundwaterfollowing mineral 10.0 % of N applied
fertilizersapplication

Nitrate emissions to surface watelowing mineral 4.00 % of N applied
fertilizersapplication

Plantavailability of N contained in miner&rtilizer 67.0 % of N applied
Plantavailability of P contained in minertdrtilizer 73.0 % of P applied
Plant availability K contained in the digestate 100 % of K applied
Hydrochar combustion

Transportation 20 km
Heatconversiorefficiency 70.0 % of LHV
COzemissions 84.8 % of C applied
CO emissions 2.30 % of C applied
CHsemissions 0.60 % of C applied
NH3z emissions 0.40 % of N applied
NO 1.20 % of N applied
SO 1.20 % of S applied
Steam gasification of hydrochar

Transportation 20 km
COzemissions 24.8 % of C applied
CO emissions 12.5 % of C applied
CHs emissions 2.50 % of C applied
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Table10. Summary of the main parameters for the LCA inventory modeling during biofuel
combustion.

Parameter Emission factor Unit

Biogas combustion

(6{0) 310 g/GJ
NOX 202 g/GJ
Non methaneolatile organic compounds 21.15 g/GJ
SO 25 g/GJ

Incineration of dry sludge

CcoO 1.1 % of C applied
CO 60.9 % of C applied
CHsemissions 0.5 % of C applied
NH3 0.6 % of N applied
NO 1.8 % of N applied
SO 1.1 % of S applied

Incineration of hydrochar

CcoO 2.3 % of C applied
CO 84 % of C applied
CHs4 emissions 0.6 % of C applied
NH3 0.4 % of N applied
NO 1.7 % of N applied
SOG 1.4 % of S applied
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Table11l Summary of the main parameters for the LCA inventory modeling during hydorchar
production (HTC).

Parameter Value Unit

Hydrochar production (HTC)

CO 1 % of C applied
CHa 0.4 % of C applied
H2S 48 % of S applied

Fugitive emissions from the ABtage $ 4.00%[62]. Emissions of C, N and P following the
digestate application were modeled in previous sf6d} The application of digestate to land

was assumed to avoid the production and application of N, P and K mineral fertilizers. The rate
of the mineralffertilizers avoided is determined by the nutrient content in the digestate (N, P,
and K) and the plardvailability of the digestate. The plaavailability of nutrients contained

in the digestate was assumed to be 24.5% fl@6N 73% for P[64] and 100% for K61]. On

the other hand, the plaatvailability for N contained in the avoidexineral fertilizers is 67%

[64]. The metal content of the mineral fertilizers was calculated with average data obtained
previoudy [62]. Since the application of metals to land can be relevant to human toxicity, a
linear correlatiormust beconsidered between the toxicity potenaiald the amount of metals
added. Same assumptions apply for HTC digestate. However, the overall mass balance shows
slightly lower plantavailability for N (18.8%), P (42.8%) and K (89.9%heseobservations

were obtained previous[$2] andcould be attributed to the fact that more elements are retained

in the produced hydrochar.

The producedhydrochar iseasily transported and either combusted directly to produce
electricity with heat conversion efficiency of 70% orcan beused in steam gasification to

generate syngas. Because of the lack of the measured data associated with emiskidge for
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hydrocharcombustion, thisinventory was adapted frof25]. H> combustion 5 asumed
emission free. The impact associated with hydrodisgposal wagreatedoy [26]. Finally, the
utilization of hydrochamust be assumed to avaite environmental impact associated with the
production, combustion and ash disposal of ltaal briquettes in a substitution ratio of 1 MJ:

1 MJ.
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3. Objectives

The aim of thisstudy is to characterize dairy sludge as a substrate for anaerobic digestion and
examine the effectiveness of hydrothermal carbonization, microwadgation andiltrasound

as a pretreatmerand post treatment tankancethe digestion efficiencyndits energy and

nutrient recoveryThe investigation wadesignedo achieve the followingbjectives

a) Test the chemical composition and properties of waste shudgedifferent sitesn
Hungaryfor the determination afludgesuitability for AD.

b) Evaluate ultrasound disruption prior to MW disintegration on dairy sludge biogas
production during AD.

c) Evaluate coupling anaerobic digestwith hydrothermal carboniz@an asa potential
treatmento enhance theecovery of energy and nutrients.

d) Study the chemical transformations (the cycle of organic carbon and the dynamics of
the functional groups) during each one of the tested treatment methods.

e) Evaluate the performance of hydrchar steam gasification compared to that of raw sludge.

f) Evaluate the mass and energy balance of implementing an HTC reactonuctiarfal

WWTP.

Hydrothermal pretreatmerg expected t@nhance the efficiency of the anadairodigestion by
altering thedairy sludgechemical bonds and consequently facilitatedigestion oforganic,
which is expected to increase thergon of organis convertednto methane. More s&/1W
irradiation is expected tocenhance the biogas yiekthrough the penetration ofthe water
molecules to deposit the thermal energy and genbestethroughout the volume sludge
This is expected to occur becausetltd higher intensityof hemicellulosedegradatioras a

response to MW irradiatigmvhichis not easily degraded likie anaerobes.
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4. Materials and methods

4.1 Wastewater sampling and collection

Municipal wastewater samples were taken from the wastewatet lplcated in Kiskunhalas

city (Hungary while meat processing and dairy wastewater samples were collected from local
factories in Szeged (10 L sample volume, each) for characterization. Dairy wastewater samples
were used to create the dairy sludge and evaluate the pretreatment techrasiagtaged
herein.Two types of dairy sludge (82 wt. % and
provided from a local milk processing factory and were used as received in the experiments. A
third type of wast was formed as a 50:50 mixtu(@sanual mixing usg beaker and stirrer).

All were preserved in a fridge at 4 and their moisture content was checked on a weekly basis.

After sampling, sludge was dried at 105 AC f

Characteristics of dairy sludgesgparedwere as the following: pH (6.89), soluble COD (SCOD)
was 0.8 g/L, total COD (TCOD) was 12 g/L, soluble biological oxygen demand {B@d3
160 mg/L, total BObwas 7 g/L. Total Solids (TS) content was 16.7 g/L. Volatile Solids (VSs)

content was 9.6/f, and SS content was 7.5 g/L.

4.2 Ultrasound (US) disruption prior to MW disintegration

A lab scale concept design of ultrasound assisted microwave disintegration was studied in the
first part of this work, and the operational conditions were evaluatethéatairy industry

sludge treatment. The main objective of this part was to investigateffde of sludge
disruption via US prior to subsequent MWadiation on sludge disitegration and energy

recovery(Figure3).
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Figure 3. Ultrasound disruption prior to MW disintegratiaf dairy sludge.

US pretreatment was carried out using Hiels¢hieR00S ultrasonic homogenizer (Germany)

with operating frequency of 24 kHz, rated voltage ¢2@0 V), and rated current of 2 A. 500

mL of sludge were placed in a glass beaker without temperature adjustment (room temperature).
US probe was submerged intetsludge to a depth of 2 cm. The effeicUS pretreatment on

sludge disintegration was evaluated at different processing times (10 s, 20s,30s,40s,50s, 1

min, 2 min, 3 min).

According to[58] the rise in sludgeemperature during US disrupti at a short sonication time

is not significantHowever sludge temperatukgas controlleadiuring experimentatioto avoid

a vast increase during the treatment (Fighrd'emperature of sludge was measured after US
treatmat andno significant increase wagported( <2 AC) . Each set of

performed in triplicates. Results were reported as mean values with standard errors.
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Figure 4. Ultra sonicationof dairy sludge (temperature controllef7].

4.3 MW disintegration
MW irradiation was performed by placing 250 mL of sludg®uther industriamicrowave

(7868GEPONEFRANCE) ovenwith the following information:

Model: labotron. Type: 500. Date: 26.07.&®riesN: 1583. U: 120V. |: 10 A. Pn: 1.2 kVA.

Ph: 1. I: 60 Hz.
MICRO-ONDES:Pa: 7.7 kVA. Pu: 0.5 kW. Umax: 4 kV. f: 24B0Hz.
AUXILIAIRES: Pa: 1.1 kVA.

Experiments were carried out in Polytetrafluoroethylene (PTFE) vessels for effective

microwave dissipatiomn samplesA Cover was employed to avoid evaporation, volatile loss
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and hot spots formation during MW disintegration. Tests were performed at different treatment

times,rangedrom 0 to 6 min.

4.4 HTC reactor and experimental design

Samples of raw dairgludge and digestateeref i r st dr i ed antthetmdi¥ed AC f o
with double distilled water at 1:10 solid: water ratio and then introduced to 50 mL stainless steel
tubular cylinder reactors. Each reactor consisted of a 27 mm diameter staielgsipsateipple

and end cap. The reactors were heated by immersing them in a preheated Paratherm HR heat
transfer fluid (Paratherm, Conshohocken, PA). One reactor was equipped with a temperature
probe to provide a representative measurement of the tenmgeratide all reactors.
Temperatures ranged between 180 and 240 AC w
fixed at 30 min, not including the time needed to reach the desired reaction temperature. A

schematic diagram of the HTC experimental sesughown in Figuré.

Dairy sludge. Y _

s |

&
SN -,g&
: a/
: ; -
- ‘ - OO - * =
AD digestate slurry P
( Vacuum filtration

l Drying Hydrochar

HTC
180, 210. 240°C
30 mins

1:10 soild: water “

Nutrient rich aqueous phase

Figure 5. HTC experimental set up

Following hydrothermal treatment, reactors were placed in ice bath to quench the reaction.
Hydrochar was prodarced24@ AGOAAI 1210ovebi nat i

conducted in triplicates. The solid and aqueous phases were separated by vacuum filtration
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usi ng 0. 4fiber fiden Liguid predsicts were collected in volumetric flasks whereas

solid residues we allowed to dry overnightat 50 A C .

4.5 Hydrochar yield

The wet hydrochawas collected following filtrationweighed andhenovend r i ed at 105
for 24 h, and then weighed again to determine the hydrochar yield (recovered mass of the initial
dry sludge).The effect of HTC temperature and residetime (combined) othe hydrochar

yield was represented by HTC severity factor (f), EQualifii].
Q vndy A 9)
where t is the reaction time (s), and T stands for the reaction temperature (K).

4.6 Aqueous phase analysis

pH andthe electrical conductivity (EC) were measunasing special electrodes and pH 150
meter (EUTECH INSTRUMENTS). TS and VS concentrations were determined according to
procedures in standard method®HA [65]. Dissolved organic carbon (DOC) and total
nitrogen (TN) contents were determined by a Torch (Teledyne Tekmar, USA) combustion
(HTC) type analyzer equipped with pressurized NDIR detector. Metals such as potassium,
calcium, magnesium, sodium, iron and aloom were analyzed using ICP analyzer
(PerkinElmer 7000DV ICFRDES Spektrometer power of the radiofrequegeperator: 1450W)
according to standard methods. Sodium absorption ratio (SAR) was calculated bésed on

concentrations of Na, Ca, and Mg. Sampleseastored in a freezer prior to analysés§ A C) .

4.7 Physicochemical properties

Samples were weighed andoveér i ed at 105 AC for 24 h, and
andproductyield (recovered mass].he aganic matter was determined by combustion in a
muffle furnace at 450 AC for 6 h. El ement al

a FlashEATM1112 CHN® Analyser (Thermo Fisher Scientific Inc., UK). The O content was

49



calculated as the remainiegmponent after subtraction of C, H, N, S and ash. Higher heating

value (HHV) was measured using bomb calorimeter (Thermo Fisher Scientific).

Molar element ratios, H/C and O/C were calculated using the measured element percentages
and the kown atomic wights of elements accordingEmuatiors (10) & (11). These data were
used to calculate the energy yield and densificatindto plot the produced hydrochar ®ian

Krevelendiagram toevaluate itguel qualitybased on previous literatui®.

|

6 0 & GO

(10

00 ¢ WD u (12)

4.8 FTIR Data processing

Dairy sludge and hydrochar were analyzed by Fourier transform infrared (FTIR) spectroscopy
with a Nicolet 6700 Thermo equipped with a diamismart ATR holder (Thermo Fisher
Scientific Inc., UK) in the range of 400650 cm' through 36 scans. Spectra were corrected for
background transmittance by subtracting the spectrum obtained with an empty holder. FTIR
data processing was carried out afipectral acquisition using OPUS spectroscopy software
(Bruker Optics). The analyzed absorbance spectral range was 3500 to-65Chenstatistical
technique, PCA, was used to correlate spectral data and chemical beisawdigmaPlot
software For thePCA, all FTIR spectra were vectoormalized to minimize noise and the

effect of baseline shifts, and to highlight the changes due to the chemical composition.

4.9 Bio-Methane Potential (BMP)
BMP tests were conducted in 120 ml serum bottles. Inoculugoaf maure digestate was
added from diogas digester. Bottles were filled with 60 ml of substrate and then purged with

nitrogen gasand sealed with rubber stoppers to ensure anaerobic conditions. Reactors were
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incubated at 37 AC.da@acumentes sveryiidays usimgpressigea s U r e
meter (Lutron, P®302). Biogas production was determined follogvithe ideal gas law,

Equation 12).
N ee Y'Y (12
Where: p is pressure in Pascal, V is gas volume®jrRiis gas constant (8.334mol.K) ,and

T is temperature in Kelvin.

Following gas collection, samples were stored amlOglass vials sealed with a butyl valve

and septum. Gas samples were analyzed fgd,NCH; and CQ using CP3800 gas
chromatograph (Varian, Walnut Creek, CA)twi a 0. 5 3 mmQ-Bond Zdlumm Rt
(Restec, Bellefonte, PA). Gldand CQ were analyzed with thermal conductivity detector using

He as gas carrier (7mL/ min) wiandhCO srmlgsisl e v ol
Temperatures of injector, column, and detecr wer e 225 AC, 30 AC, an
NHs and BS concentrations were estimated using a Kitagawa Gas Detector Tube System
(Komyo Rikagaku Kogyo K. K., Japan) with a detection limit of 0.5 ppm and 100 ppm,

respectively.

4.10Theoretical BMP
Thecalculatiors of thetheoretical BMP valueserebased ortheelemental compositiaofC,

H, N and O model BEqgatioB3y | e 6 s

800 (13)

where n, a, b and c represent the molar fraafdd, H, O and N, respectively.
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4.11Energy consideratiors
A detailed energy assessment wasformedto evaluate the economic viability @fach
treatmenttechnique. The equations employed to perform energy calculations are explained

herein.

Input energy applied for US disruption and MW disintegration. Ultrasonic energy was
applied to disruptthe flocs of sludge,whereas themicrowave energy was consumed to
disintegrate the sludge biomass durithge pretreatment, both were calculateging the

following Equation (4).
E= PI T/ (VITS) (14)

where E is the input energy (kJ/kg TS), P is the input power (kW), T is the treatment time (sec),

V is thevolume of the sample (L) and TS is the total solids in the sample (kg/L).

The energy balance for each HTC reactionwas obtained considering the wet feedstock as a
nonreactive mixture of water and dry solitlence, the mergy required to heat the sludge was
calculated as the sum of the energy required to heat the water content andfédesistiock

separately based @&quation (15).
Qinput = mW(HW;HTC' HW;25)+ msCP(THTC - 25) (15)

Where Ghpout is the energy input for the HTC processy and m are the water and solids
contentof the sludge, respectively.drcand Hy2sare the enthalpy of water at the final HTC
temperature and &t5 A C, r e ssghe spedfiwhedt gapacitof the dry feedstock, and

Twrc is temperature of HTC.

These amounts do not include the energy required for thickening and mixing insieadtog
nor does it account for losses during biogas compression and purificatibnwith an

optimized design and operational procedure, these amounts can bedeitoum.
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The energy recoveredn the form of methane was calculateked orthe followingEquation

(16).

where, R, is the methane energy recovemykWh, Tn, is total mass of sludge (kg), CODs is
chemical oxygen demand kg, Ym is the yield of methane (#kkgCOD), G: is the combustion
energy of methanenhich is equivalentto40MJfmand U i s the conversion

chemical energy to electricity, equivalent to 35%.

HTC output energy was calculatethased orEquation (7).

Qoutput=mn. @&@HAC (17)
wherem, is hydrochar mass arsH A s hydrochaheat of combustion expressed as HHV.

4.12 Statistical analysis
The gatistical analysis was performed to determine thieihces between each parameter.
First-way ANOVA was performed at 95% confidence levehhen significant differences were

detected, post hoc pairwise multiple comparisons were performed.

The Analysis of Variance (ANOVA) is a statistical method used to test whether there are
significant differences between the means of two or more graAg&VA returns two

parameters:

F-test score: ANOVA assumes the means of all groups are the same, calculates how much the
actual means deviate from the assumption, and reports it astése $€ore. A larger score

means there is a larger difference betwihermeans.
P-value: Rvalue tells how statistically significant the measured values are.

ANOVA to return a sizeable-test score and a smahvalue.
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By convention, when the

A

A

p-value is < 0.001: There is strong evidence that the difference is significant.
the pvalue is < 0.05: There is moderate evidence that the difference is significant.
the pvalue is < 0.1: There is weak evidence that the difference is significant.

the pvalue is > 0.1: There is no evidence that the difference is significant.
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5. Results and discussion

5.1 Wastewatercharacterization

Wastewater characteristics wemeeasuredo determine the initial properties and potential
digestibility (Tablel2). The organic fraction (volatile solids) ranged between 530%6 with

no significantdifference (P>0.05)The ptal dissolved solidg TDS) values werdetween 788
mg/L and 715 mg/L for both meat processing and municipal wastewasgpectively.
However, low values of TDS werreported in dairy wastewatet50 mg/). This might be
attributed to the high ragef fats in dairy wastewater whichmit the transport othe soluble

substrateswhich in turn,cause the conversion rate to decrddfe

Table 12. Wastewater characterization form three different sites. Standard error is shown in
parentheses. Statistical differences are indicated by different superscript letters.

Parameter Dairy Meat processinc Municipal

wastewater wastewater wastewater

TS (g/l) 4.0° 2.5 3.0°
(0.3) (0.4) (1.1)

VS (%) of TS 60° 53 54

D (7) (4)

TDS(mg/l) 153 788 719
(2) (72) (81)

pH 5.35 6.09 7.08
(0.10) (0.01) (0.01)

EC(mS/cm) 2.1% 1.28 1.26
(0.25) (0.01) (0.19)

55



The salinity of wastewater estimated by its EC welatively low (<2.5), and the pH values
were in the acceptable rangedp However, the potentiaiseof the agueous phase as a liquid
fertilizer does not depend only on the salinity of thigation water, but also on the Sodium
AbsorptionRatio (SAR). The SAR is a measuneentof the suitability of water fothe use in
agriculture, and isletermined by the concentrations of Melative to those of Cdand Mg?.
Sodicity, high sodium concentrations, can cause swelling and dispersitire gbil clays,
surface crusting and pore plugging, leading teduced infiltration and increased runfg6].

However, the presence of the divalent ions, namely &al Md?2 can mitigatethis impact

All processing wastewaters exceeded the allowable discharge level of COD (300 mg/L), and
BODs (50 mg/L) (Tablel4). However the meat processing wastewated significantly higher
concentrations of BODthan those of dairy wastewater (P<0.05Dn the other handthe
concentrations of BO£for municipal wastewater were slightly higher than expef@aH This

could be attributed to the fact that wastewater with high concentrations of Bdi2ing
dischargedand mixed with the doestic wastewater in the sewage system before reaching the
WWTP facility. The relatively highCOD values in dairy wastewatera result otheelevated
concentations of fatsn dairy wastewateHowever the relatively low COD/BOD ratio (<10)
suggests a degrable effluent with high organicsuitablefor anaerobic digestiorin general,

the COD, BOD, pH, TS, andthermajor elements werall beyondthe allowable discharge

limits. Therefore furthertreatment is needed and required.
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Table13. COD and BOI3 values of different types of wastewater (Hungary). Standard error
is shown in parentheses. Statistical differences are indicated by different superscript letters.

Parameter BODs COD (g/L) COD/BODs

(g/L) ratio

Municipal wastewater 1.92 2.(¢ 1.1
(0.2) (0.2)

Dairy wastewater 2.2 3.52 1.6
(0.0) (0.8)

Meat processing wastewater 3.0 2.9 1.0
(0.0) (0.4)

5.2 Ultrasound disruption prior to microwave disintegration

5.2.1Determination of the specific energy input for US disruption

EPS release is expected to enhance biomass disintegration potential and increase the
biodegradation rate during A[B7]. A sequential increment in EPS release was achieved via
US up to 1,500 kJ/kg T8$put energythe increase after that was more inteingiécating the

end of the disruption phase (Fig@e US processing generated a momentum in the growth of
the microscopic bubbles, a phenomeneferred to as theavitation effect. Thiphenomenon

led to the formation ofthe hydroxyl radicalsesponsibldor attackng the sludge floc matrix
anddisruptit [19]. As a result, EPS matrix transformed into the soluble foesulting in higher
concentrationsf proteins and EP the aqueous phase. In other words, the sonication forces
caused aecreas inthe firmness of the suspended so(i@S) which led to the lysis dhecells

and the release of intracellular components into the aqueous[@Base

The initial concentrations dhe dissolved EPS in dairy sludge were under the detection limit

(>50 mg/L) and increased to about 111 mg/lthat end of the disruption phage relatively
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higher trend of EPS release wdsservedfter that(an increasérom 111 mg/L to 200 mg/L as

a response tonly 500 kJ/kg TS increase in thmput energy implying the beginning of the
disintegration phas&Ve can examine sludge phase change from floc disruption to cell lysis by
measuring theitferences in DNA concentrations. In previous research, DNA concentrations
showed a mild increase during US disruption proving that the extraction of the exogenous EPS
in the absence of cell lysis is possilae low US input energy30]. Similar to EPS,the
concentrations othe soluble proteis increased during US pretreaént. Thee resuts are

similar to thee obtainegreviously[29] for municipal sludgevith lowerinput energyprobably

due to the differensdn energyconsiderations ansludge characteristics

500
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o o o o
o o o o
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o
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Specific energfKJ/kg TS)
Figure 6. The effect of ultrasoundisruption with different energy input on floc disruptiai

dairy sludge Error bars represent the standard ersor

5.2.2US disruption effect on SCOD release and SS reduction

In addition to protein and EPS releatesoluble chemical oxygen demaf®COD) is another
important indicatoto evaluate the efficiency of sludge solubilization. US disruption improved
the bioavailability othe particulate materials by increasing the rate of SCOD release as evident
in Figure7. SCOD release increased rapidligh the increase ithe specific energy up t600

kJ/kg TS. These results are in similar trend to those obtained previowssgmicontinuous
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anaerobic digestioreactor[68]. The rapid increase in SCOD release is attributelebigher
vulnerability of sludge for US effect in the disruption phasené¢ the decrease in SCOD
release at the emaf the disruption phasis due tothe diminution ofthe easily disintegralel
organics. Another indication of the pretreatment efficiency on sludge stabitliy sispended
solids(SS reduction. A rapid decrease in SS concentrations was observed during the first stage
of US pretreatment (Figuré. The main reason dhe mass reduction isludge during US
disruption & the intense release thfe extracellular and intracellular matteg3]. A slower

trend in SS reduction was observed beyond the disruption @tgrited tothe higher
compression faesbecause of thhigher intensity othe gas bubbles formatiof9]. Similar

conclusions werebserved previouslior waste activated sludge a higher pH rangé0].

300 ¢ : .

0 500 1000 1500 2000
Specific encrgy (kl’kg TS)

Figure 7. The Effect of ultrasound disruption on COD solubilization and SS reduadtion
dairy sludge Error bars represent the standard errors
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5.2.3The Effect of MW irradiation on sludge temperature

Sludge temperature is an essential parameter due to its effeitte sludge physical and
chemical characteristics during MW disintegratid®]. Figure8 shows the effect oMW
irradiation on sludge temperatuduring the pretreatment processEvaporation occurred
gradually during theretreatment process resultinghecarbonization of the humic substances
of the organic matte31]. The rapid heating of tkeparicles during the pretreatment process
was resultant by the molecular rotation; mainly because of the high frequénie
electromagnetic radiatiotat isinteracting with the dipolar molecules of the organic matters
[72]. However, high temperatures meanshigigenergy consumption, whicé ineconomical

for sludge applicatiof8].

100 r

(00}
o
T

(o))
o
T

——250 W

Temperature C)
AN
(@)

20 r

O I I I I I I I )
0 4000 8000 12000 16000 20000
Specific energy (kJ/kg TS)

Figure 8. The effect of microwave irradiation specific energydairy sludge temperature

Only a handful of studiesvaluated the effect of MW disintegratiom sludgetemperature

during AD batch reactor performance, and they give conflicting results. For exajy]e,
evaluated MW irradiation at 100 AC and thei:
dewaterability afteMW irradiation On the ¢her hand[74] claimed that increasing sludge

temperature under MW irr adi athesldge disintegnation 2 t o
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significantly,and hence, MW dintegration at low temperatures were the mostefisttive
in terms of COD solubilization per unit of energy. In this study, the optimal MW disintegration
conditions were determined according to the amounts of S@@Dwerereleased to the

agueous phasa phenomena describadthe next sectian

5.2.4Determination of the optimal specific energy input for MW disintegration

MW irradiation is expected tenhance th€OD solubilization and SCOD release by breaking

down the complex floc structures and increase the biodegradabilitye ofganics. Figure9

shows the effect of MW irradiation on COD solubilizatiode&5COD release in dairy sludge.

US disruption (deflocdated sludge) resulted in higher trend of SCOD release. Initial SCOD
concentrations of deflocculated sludge were on average 1,090 mg/L and increased to their
maximum value at 1,780 mg/L at speciiput energyof 12,000 kJ/kg TS, no increase in

SCOD relese was observed after thdtower trend in SCOD release was obtained for
flocculated sludge, starting at 800 mg/L, with a maximum value of 1,389 mg/L at the same
specificinput energyof 12,000 kJ/kg TS. The intense increase in SCOD release during MW
disintegration was due tbeintense hydrolysis dahelarge organic molecules caused by MW
irradiation. These findings are consistent with those obtained previpts[6], in which

higher levels of hydrolysis were achieved after MW disintegration atdowperatures (T < 96

A C) .this experimentsludge solubilizationi ncr eased fr onl20.N070.R0 10 .if
flocculatedsludgeand from 0.09 N 0.01 to 0.15 N 0.01
MW disintegration (Figur®) . The noticeable decrease in SC(
kJ/kg TS) was attributed thehigher intensity othechemical reactionsncludingdehydration

and decarboxylationThe optimum solubility ofsludge wasl5% lower than thatreported

previously for municipal sewage sludg@2%) due to thehigher presence of nesoluble

organics indairy sludge.
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Figure 9. The Effect omicrowave disintegration on COD solubilization and SCOD release
dairy sludge Error bars represent the standard errors

5.2.5SS reduction during microwave disintegration

SS reduction increased progressively for both deflocculated and flocculated skelgthe
course othe MW pretreatment (Figur&0). The mass content decreased by 7.4% and 8.3% in
deflocculated and flocculated sludge, respectively. The high rate of SS reduction during MW
disintegration in sludge was dtethe liquefaction othe readily biodegradable mattej30].
However, lower SS values in deflocculated sludge suggés better adeptness to MW
disintegration.The existence of unstable flocs in flocculated sludge reduced its disintegration
potential through MW irradiation whereas flocs disruption via US prior to MW irradiation
resulted in higher SS reduction. No sfgrant increase in SS reduction was obtained beyond
the specific energy input of 16,000 kJ/kg TS. These outcomesimuitar to those obtained
previousy for waste activated sludge via disperser induced microwave disintegi@@iorr-

value for SS concentratiorf3able 14)wereless than 0.Drevealinga significant variation

between dflocculated and flocculated sludge.
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Figure 10. The Effect oMW disintegration on the SS reductiondairy sludge Error bars
represent the standard errors

Table14.Single way ANOVA of SS reduction during MW disintegration.

Source of Variatior SS df MS F P-value F crit
Between Groups 1292704 1 1292704 178.5092 0.000181 7.708647
Within Groups 28966.67 4 7241.667

Total 1321671 5

5.2.6Fermentation study

Proteins and carbohydrates are the main organics in sludge composittbe. Hgdrolysis
phase, proteingreconveredinto peptides and amino acids, and then to organic acidsaiNH

C0O.. Whereascarbohydratesare transforned into polysaccharide$30]. The quantity of
proteins in dairy sludge exhibited an increment during MW disintegration from 50 mg/L to 200
mg/L and 400 mg/L, in flocculated and deflocculated g&ydespectivelyThe carbohydrates
concentrations increased from 5 mg/L to 24 mg/L and 59 mg/L, in flocculated and deflocculated
sludge, respectively. Higher solubility of polymers such as proteins and carbohydratss cause
higher rates of VFAs generati¢n7]. The importance of VFAs comes from its representation

of a major class of organics in sludge intermediate yotsdduring the course of AD. Hence,

the producton and consumption balanoé VFAs is vital for an efficient AD process. High
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VFAs accumulation can cause low methane production and, subsequently, less energy gain
[57]. The effect of MW disintegration on VFAS generation is presented in T&blde relative
increase of butyric acid was the most significant (784%), followed blgusgric acid (213%)
and acetic acid (167%). Similar observations were obtgmnedouslyin a semicontinuous

anaerobic digestioreactor{6].

Table 15. The effect of MW disintegration on VFAS concentrations in flocculated sludge.
Statistical differences are indicated by different superscript letters

Parameter (mg/L)  Raw sludge Disintegratedsludge Relative

(flocculated)  (sole MW treatment). increase (%)

Acetic acid 371N 380 909N ™9 167
Propionic acid 53 &0 133N 707 151
Butyric acid 61N 221 53 7°2 784
Iso-Butyric acid 31K 129 99N 11%9 213
Caproic acid 140N 225 340N B 7 143
Total VFAs 944 3003 218

5.2.7Solidi aqueous phase characteristics
The concentrations of all parameters studied were, on average, higher in treated slurry,
indicating higher solubility into the aqueous phase after the pretreatment procesd J.able

concentrationgncreased significantly after MW disintegration, as the caloric valueudfysl
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suggestinghatno (significant)losses in total C during MW irradiatiadccurred Contrary to

C, N concentrations decreased significantly in response to raising temperahges
spontaneously changed the C/N ratio. High total amniaitragen (TAN) concentrations in

the aqueous phase indicsitggh TAN release. TAN accounted for about 33% of TN present

in the aqueous phase after the pretreatment process, with undeteateigleti@tions of N©

and NQ. The rest of N fraction are believed to be aliphatic and aromatic nitrogenous

compoundg50].

Table 16. The effect of MW disintegration on the aquesokd phase characterization for
dairy sludge. Statistical differences are indicated by different superscript letters.

Parameter (mg/L)  Raw sludge Disintegrated sludge Relatve

(Flocculated) (Sole MW treatment). increase (%)

C 59R0 65. 4°N2 . 67. 1°NO
N 4.5R0 5. 1N0.5 3. 7?NO
CIN 9.3 9.8 15.9

TS 37 N% . 30. 6°N6 . 30. 8°N1
HHV 23RN1 29 R0 29 R0

Aqueous phase

pH 6.85 5.39 5.29
EC (ms/cm) 3 4 3.3
DOC(mgl/L) 8 22 Kr1 4993R20! 5523°N7

Macronutrients

TN (mg/L) 14007 0 229N 7 0 266°N 1 0
TAN (mg/L) 50°N 7 76°N 3 90°N 0
P (mg/L) 36 150 110
K 195 624 672
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Secondary nutrients

Ca 290N 6 43PN 1 1 607N 1 9
Mg 284N 6 522N 2 414N 1 0
S og 150 130

Micronutrients

Cu 32 85 76°
Na 859 668 654
Zn 13 20 30
SAR° 8.6% 5.1 5.0°

abgtatistical differences are indicated by different superscript letters.
°Na +/(0.5 * (C&" +Mg?*))*> where all concentrations are in meg/L.

N and Precovery is essential during wastewater treatnsé@mte they are scarce and non
renewablg[78]. High concentrations of macronutrients in the aqueous phaseraysrged

such as N, P and.kKOn the other hand, the concentrations of micronutrients such as Mg and Ca,
were as low as 28300 mg/L, while S concentrations were less than 100 mg/L. Other
micronutrients such as Zn and Cu were detected at even lower concentrations, 13 mg/L and 32
mg/L, respectively. In general, the concentrations of Mg, Ca, Cu and K increased after MW
disintegrationdue tothe hot water leaching. These results are consistent with those obtained

previouslyfor other hydrothermal treatment techniq{&s,79].

SAR is another measurement to determine the effect of AD slurry on soil clays when used in
irrigation, and it can be calculated by measuring the concentrations refdtize to those of

Ca and Mg. The aqueous phase of dairy sludge had a moderately high SAR 1@able
However, higher recovery of Mg and Ca after MW disintegration resulted in a slightly lower
SAR. Another indication of the effect of MW disintegration in sludgatslity is the dissolved
organic carborfDOC). It is noticeable that DOC concentrations increased significantly from

822 mg/L to 4,993 mg/L and 5,523 mgih flocculated and deflocculated sludge, respectively.
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This increasesi attributed to the reduchon the particle 8izes during US processings well

as due tdhe raise of sludge temperature during MW disintegrd8@h

The decrease in pH aftédW pretreatment is corresponded to the high production of VFAs
which was the main reason of low methane production during the first stage[8#A17,80]
However, the currently observed values are more acididhioaepreviously reported for dairy
sludge[81]. The high acidity obtained in the present study is niikety dueto the highe

intensity of VFAs productioand accumulation in the AD batch reactor

5.2.8Biodegradability assessment

The results of the BMP assay are presented in Fijur€he relatively low biogas production

atthe first stage othe BMP assay (010 d) was due tthe high generation of VFAs due the

intense hydrolysis. Clearly, methane production was trivial in the first 10 days as a consequence
of poor methanogenesjs§7]. Subsequent to 10 days, the production of biogas experienced a
significant enhancement in deflocculated samaplOver the period of 60 days, an average
increase of 50 mL/gVS was observedsale MW disintegrated samples (flocculated sludge).

The increase was almost 90 mL/gVS (compared to control) with US disruption (deflocculated

sludge). Methane concentrationsall samples remained constant at approximatelgseh.
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Figure 11. Plot showing cumulative biogas production of different pretreatnidatsy
sludgs.

Low methane generation in sole US treated samples is attributed to the lack of easily accessible
substrates due to insufficient pretreatment. Methgemerationin MW disintegrated samples
was higher due tthe higher availability of the released organiewever, flocculated sludge
generated less methane thhat of thedeflocculatedsludge which could be related tthe
slower hydrolysigate Higher methane production in deflocculated sludge is a clear indicator
that US disruption increased the avaiidpof theorganic substrates within the biomass, which
led toanenhanced conversigateof theorganics during methanogened$. These outcomes
were similar to those obtaingaeviouslyvia disperser induced microwave disintegrati2fl]
exceptfor the first 10 day. Unfortunately,the latter mentioned studiid not report the pH
values nor the VFAs concentratiotgring AD. The amount of methane produced in this study
was expressed in termsmf/gVS. The mass balance calculations revealed higher VS removal
corresponded witlthe higher methane productiarate implying that higher fractions of VS

were converted to methane.
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5.2.9Energy assessment

Energy equilibrium results are presented in TGl o calculatehetotal energy consumption,

the energy employed for US and MW pretreatment were taken into account. However, the
energy needed for stirring and heating the reactors during AD were not included asethey
depenéd mainly onthe operationdesign. A 15% optimm solubilization wasetas an index

to investigate the energy consumption. Total energy employed pafrdtgdge to atin the

15% solubilization wa$.55 kWh and 3.75 kWh in flocculated and deflocculated sludge,
respectively. Hence, nearly 70% of thgut energy was consumed to attain the desired
solubilization. The input energy of the combined process was lower ttizrobtained
previously[82]. This could beconnected tdhe long pretreatment times required to attain the
desired solubilization in dairy sludge. A positive net energy of about 26 kWh per kg sludge was
obtained in the combined treatmewhich ishigher tharnwhat obtainedpreviously[29]. The
difference in our results was die the differences inthe energy considerations and sludge
initial characterization. Based on the obtained results, it can be confirmed that sludge disruption

via US prior ® MW disintegration is believed to laecost effective anékasible process.

Tablel7. US and MW energy balance assessment.

Parameter (per kg of sludge) Deflocculated Flocculated Unit
Energy content of methane 30 23.5 kWh
Energy applied 3.75 5.55 kWh
Net energy production 26.25 17.95 kWh
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5.3 Coupling hydrothermal carbonization with anaerobic digestion

5.3.1The effect of HTC conditions (severity factor) on hydrochar yield

The HTC processing temperature is an essential parameter because of its effect on the
physicochemical characteristics of the produced hydrochar. Typically, carbonization occurs
when the reaction mechanism shifts from ionic to free radical under satwatioiions[83].

During HTC reactions, the increase in temperature caudesrease in water visity, creating

easier penetration into the porougdia and subsequent degradatidrthe organicg2]. In
contrast, a yolysislike process is likelyo occur ifthe HTC processing temperaturesva
insufficient to break up the majaomponent$84]. Table B lists the data showing tleéfect

of HTC processing temperature and residence time on the hydrochar yieldidrbehar yield
decreased significantly witheneasing temperature becauséhefintenselecomposition of the

large mdecules into smaller componenisqueous phase) and incondensable low maecul
gaseous produc{85]. Hence, a higher fraction of the aquemhase is expected to form at

higher HTC temperatures, resultinghigher solubility and elementaktraction[10].

Table 18. Comparison of the effects of temperature and residence time (severity factor) on
hydrochar yield formation as reported by the previous studies and the present investigation.

Biomass Temperature Residence Severity Water Hydrochar Reference

( AC) time(min) factor ) content (%) yield (%)

Poultry litter 180 60 0.11 67 74.8 [9]
200 60 0.16 67 60.7
220 60 0.21 67 58.1
250 60 0.32 67 46.1

Human excrete 180 120 0.13 75 69.2 [11]
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Dairy sludge

Dairy manure

DS digestate

210

230

225

225

225

250

250

250

250

250

250

200

220

240

260

280

180

210

240

120

120

120

120

120

120

120

120

240

240

240

240

240

240

240

240

30

30

30

0.21

0.32

0.12

0.12

0.12

0.16

0.16

0.16

0.19

0.19

0.19

0.09

0.12

0.16

0.21

0.27

0.10

0.16

0.21

75

75

82

89

96

82

89

96

82

89

96

95

95

95

95

95

91

91

91

64.9

55.6

55

61

70

58

76

79

70

77

83

58.3

51.6

49.6

44.4

43.5

50.3

30.2

27.0

[20]

[85]

This work
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DS 180 30 0.10 91 80.4 This work

210 30 0.16 91 68.4

240 30 0.21 91 69.3

Nonetheless, HTC gaseous products {&80%, with small fractions of C5HH.S and NH)
were formed intensely at high temperatures, as demonstrated in ERQjukethe same time,
therewas a notable decrease in £fncentrations witincreasing temperatures;companied
by a slight increase in GHind HS concentrations (data rsltown).Similar observations were
also repaed previouslyfor different types offeedstock[10,86] Generally, high HC
processing temperatures letml the intense decomposition of the solid residue, which is

expected to redudbe hydrochar yielf87].

Another important parameter that affects hydrochar yield formation is the HTC residence time.
A long residence time is expected to enhance the severity of HTC reaction. Previous studies
reported that HTC residence time had a similar but smaller effecheomydrochar yield
formation[20]. Therefore, HTC residence time can play an important role in determining the
degrees of dehydration and decarboxylation during the process. Hence, controlling the HTC
residence time was essential in the current work to produce hydrochar witleddesi
characteristics and to minimizlee energy consumption. The effect of HTC severity factor

hydrochar yield is represented in Figuée 1
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Figure 12. HTC pdroduct yeildormation a) raw dairy sludge, b) AD digestg§f€elsius)
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The (f) values obtained from previous studies were calculated in this work to ensure a
comprehensive comparison (Tabl8).1Generally, higher hydrothermal severity generates
lower hydrochar yield>xept for the results obtained [80]. This phenomenon could be due

to the hgh ash content in the feedstd&@8]. Another reason faahigher hydrochar yield is the
intense polymerization of the soluble oxygenated fragments such as furhdalsa
hydroxymethylfurfural in severe HTC conditions, resulting in the formation of the secondary

char, increasing the overall hydrochar yig8)].

5.3.2Solid-phase characteristics

Physicochemical properties

The results of the proximate and ultimate analyses of all (dried) samples are listed ir@Table 1
Proportions of the organic matter in dairy sludge wereaverage, highghan those in the
digestate. However, the N content in the digestate did not vargi(e> 0.05), suggesting that
most of N remained in the solid phase aftex AD. Presumably, N is bound to the cell wall
proteins and interwoven with the structural céwyatrates and lignif@0]. In contrast, C content
decreased significantly after AD. Anaerobes use C for cell growth and energy production,
whereas N9 consumed to synthesize amino acids, proteins, and nucleic acids. Theoretically,
anaerobes consume C 30 times faster than N during AD. Similar to C, lower levels of H were
detected in the digestate. However, the relative increase in C content afteiGlprdd€ssing

of the dairy sludge digestate was higher than that obtained from raw dairy sludge, indicating
higher carbon recovery. Similarly, HHV values increased significantiya(ife <0.05) in both
substrates after HTC. However, not all of the enerdgased during HTC is stored in the
produced hydrochar. Hence, hydrochar energy yield was calculated for both substrates to
guantify the percentage of the energy recovered in the final product. The energy yield in the
produced hydrochar ranged betweer08% and 3557% for raw dairy sludge and dairy sludge

digestate, respectively. Higher energy recovery in raw dairy slddgeed hydrochar could be
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attributed to lower mass losses during HTC. Lower mass losses in raw dairy sludge could be
ascribed to the loar ash content and higher organic matter content than those in dairy sludge
digestate (Table9). The atomic ratios H/C and O/C for raw dairy sludge and dairy sludge
digestate shifted from the upper right to the lower left intha Krevelerdiagram adHTC
proceeded (Figurel3). This movement indicates higher intensities of dehydration than
decarboxylation during HTC. This finding is consistent with that observed previatisly
different solid to water rati§20]. As seen in Figure3l AD digestate evolved progressively
from compositions falling within the range of biomass, peat, and lignite to a material that is
closer in composition to coal. Whereas raw dairy sludge shifted to the range of lignite as HTC
advanced, indicating lower fuel quality. In summary, AD digestate lidirs generated at 210
and 240 AC had H/ C1.@and0.18 0.2, respactively Shese fatio® for6

raw dairy sludge hydrochars were © B2 and 0.22 0.27, respectively
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Table 9. Proximate and ultimate analyses of dairy sludge andslaje. Standard errors are
shown in parentheses.

Parameter Dairy sludge Digestate Sludgechar Digestatechar

180210 240 180 210 240¢

Proximate analyses

Ash (%) 28 61.2  29.2 29.° 303 6LF 618 620
(3.2) (6.1) (1.8) (25) (3.3) (1.6) (200  (1.4)
Volatile solids (VS) 72 38.8 70.8 70.¢ 69.7 389 382 38.0
(%) 8 (0) @ @ O (8) (11) 3
Ultimate analyses
C (%) 37.8 18.8 447 540 56.4 29.9 31.7 31.¢
(2.2) (29) (0.9 (41) (@1.3) (2.0) (3.5) (1.1
H (%) 4.8 2.2 52 53 53 2.6° 2.7 2.4
(0.0) (0.1)  (0.1) (0.0) (0.0) (0.0) (0.0) (0.0)
N (%) 1.7 1.3 210 24 2. 4.1° 3% 37
(0.1) (0.1)  (0.1) (0.0) (0.0) (0.0) (0.1) (0.0)
S (%) 0.5 0.1 05 05 04 0.1 0.2 0.2
(0.0) (0.0)  (0.0) (0.0) (0.0) (0.0)  (0.0) (0.0)
O (%) 27.F 14.3 23.5 21.8 21.r 12.6' 8.2 6.5
(1.6) (200 (1.5 (1.2) (0.9 (0.6) (1.0) (0.4)
HHV ex (MJ/kg) 15.1° 7.8 17.Z 185 19.4 9.1¢ 10.28  10.0¢
(1.3) (0.6) (0.9 (0.9) (1.1) (0.2) (1.9) (1.2)
HHVn (MJ/kg) 18.2 8.8 20.7 239 246 12.8 13.2  13.0
Energy yield 93% 89%  89% 57% 37%  35%
Energy densificatioh 1.4 1.2 1.3 1.2 1.3 1.3
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Figure 13. Van Krevelen diagram of hydrochar produced fn@w (dairy) sludge andAD
digestate with solid:water ratio of 1:10. Standard errors ranging from 0.001 to 0.04 for
atomic H/C ratio and 0.07 to 0.093 for atomic Q#Zio..
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FTIR analysis
An FTIR spectroscopic analysis was performed to better understand the difference in the
chemical compositions during HT<howedeaksaees si ng.

identified herein[10, 55, 70,97, 98].

The peak observed below 1000 chwere attributed to aromaticCH out-of-plane bending

vibrationsindicating a continuous conversion of the aromatic structures during HTC.

Otherpeals weretypical toi COH bandat 1051 crit). The relative mcrease in the intensity of

thesepeals during HTC isassociated with a shrinkirigCcOH bond in alcohols.

The peak at 1378 chis linked to GH vibrations of alkyl and methyl group&.relatively high
intensity of this peakvas observedfter HTC processing indicatirtbat, as other components

in the feedstock are degraded during HTC, methyl becomes more present.

The peakbetween 1500 and 1706 are linked to carboxylic acid derivatives, namely amides
and amino acids. The relative increaséhimintensityof this peakin the digestate is attributed

to the amide band, specifically Amideout-of-stretching vibrations in the carbonyl group.

The peaks at 2850 and 2970 tare attributed to aliphaticdCH stretching and aromaticdC

H bending vibrations, respectively.

The peaks between 3,200 and 3,400 eme probably derived from the@H) band in hydroxyl
and carboxyl groups, indicating the existence of free and intermolecular bonded groups. The
relative increase in the spectrum intensity at 3250 isndue to theritense dehydration at high

HTC temperaturef85].
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5.3.3Aqueous-phase characteristics

HTC aqueous phase charatdcs are summarized in Tabl). Concentrations of all
parameters considered in the digestate were, on average, higher tbasbtaosed in raw dairy

sludgee x c e p't at 240 AC i hekiractiant The gelative dpdremge ine | e m
concentrations at 240 /A€in mass adhigk HTIC rocessimg s i gr
temperature$9]. Initially, the aqueous phase of raw dairy sludge had a pH of 9.34, which
decreased to 7-47.8 after HTC. In contrast, dairy sludge digestate pH decreased from 7.44 to

5.4- 5.6 after the treatment process. The decregsid corresponds to the formation of organic

acids and C@during the carbonization of the cellulosic feedst{fgk The higher acidity in

dairy sludge digestate occurred due to the higher degradation of sagarshorichain

carboxylic acids such as formic acid, acetic acid, propionic acid, and lactic acid. Identifying
these compounds in the aqueous phase (Tahjeevokes the dehydration mechanism
demonstrated in Figure31These results are consistenthwihose obtained previousfyr the

sewage digesta{83].
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Table20. Aqueousphase characteriation of dairy sludge andigestate after HTC treatment (Standard errors are shown in

parentheses).
Parameter Sludge Digestate
Raw 180/210A 240/ Raw 180A 210 240A
Total solids (TS) 452.3 153.0 226.3 2358 2222 1224 1040 106.0
(6.7) (1.3) (4.3) (8.5) (7.7) (2.2 (10.0) (6.0)
pH 9.3 7.4 7.8 7.7 744 5.4 54 56
(0.0) (0.0) (0.0 (0.0) (0.0) (0.0 (0.0) (0.0)
EC (mS/cm) 6 g 16° 14° 16° 18° 266 2K
(0) (0) (0) (0) (0) (0) © (O
DOC (mg/L) 822 199 2302 1765 1987 379F 4102 3227
(101) (78)  (201) (49) (21)  (39) (102) (56)
Macronutrients
TN (mg/L) 14¢° 292 29 302 229 31 618 62C
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TAN (mg/L)

P (mg/L)

K (mg/L)

Secondary nutrients

Ca (mg/L)

Mg (mg/L)

S (mg/L)

Micronutrients

(61)
36*
()
36.1°

(1.0)

252.9

(100)

43.0°
(2.9)
50

(1.0)
21.5

(2.0)

(18)
7
(6)
70.8

(8.7)

299.F

(296)

44.2
(0.9)
15

(1.0)
21.0

(1.0)

(25)
7
(5)
70.9

(11.1)

268.9

(201)

54.0°
(4.1)
153
(0.0)
24.0

(0.0)

(33)
76°
0)
59.7

(9.9)

250.8

(198)

56.4
(1.3)
153
(0.0)
24.0°

(0.0)

(06) (24)
68° 79
(2) ©
164.3 221.4
(14.4) (13.2)
309.% 322.2
(95)  (149)
139 144
(11) (21)
199 228
(2.0) (0.0)
5.0  41.0
(1.0)  (0.0)

(20)
155

(1)

138.2

(21.1)

312.7

(301)

111
(35)
270
(0.0)
35.0

(1.0)

(14)
154
(1)

138.0

(12.3)

298.7

(89)

116
(11)
249
(0.0)
35.0

(0.0)
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B (mg/L)

CI (mg/L)

Cu (mg/L)

Fe (mg/L)

Na (mg/L)

Zn (mg/L)

SAR

1.0°
(0.0)
143
(20.0)
32
(6)
212
(0)
293
(35)
2.0°
(0.1)

7.2

0.5
(0.0)
235
(15.0)
17
(1)
15°
(1)
357
(17)
1.8
(0.1)

57

0.5
(0.0)
218
(12.0)
18
(1)
13
(1)
337
(11)
1.2
(0.0)

59

0.4
(0.0)
217
(19.0)
19
1)
122
2)
335
(16)
1.3
(0.0)

5.3

1.00
(0.0)
266
(81.0)
85
(5)
300
(8)
406’
(11)
1.0
(0.0)

5.2

0.2
(0.0)
226
(16.0)
19
()
18
(11)
493
(13)
1.2
(0.3)

5.8

0.1°
(0.0)
282
(10.0)
100
(1.9)
18
1)
489
(41)
1.3
(0.0)

57

0.1
(0.0)
265
(14.0)
107
(1.1)
19
(6)
389
(29)
1.3
(0.2)

4.5
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Table 2.. VFAs concentrations in dairy sludge.

Parameter (mg/L) Raw dairy sludge = HTC aqueous Relative increase
phase (%)

Acetic acid 331N 949N ¢ 187

Propionic acid 51N2 1 173KR3" 240

Butyric acid 6 2 NP1 1 579R5: 834

Iso-Butyric acid 319R1 912 N1 ¢ 186

Caproic acid 120R4 380N - 216

Total VFAs 883 2993 239

DOC concentrations increase-d23@Bmg/keinradaty ( 180,
sludge and 32224102 mg/L in dairy sludge digestategspectively. In contrast, DOC
concentrations tended to decrease at 240 AC
processing at high temperatures. Similar to TC, TN concentrations increased after HTC
processing (Table@. Similar observations/ere obtained for total ammonia nitrogen (TAN).

TAN accounted for about 338% of TN with negligible concentrations of N@nd NQ.

Moreover, higher concentrations of macro, micro, and secondary nutrients were reported after
HTC processi ngcC,auggestig@he ase of H®3g0eoud phase as a liquid
fertilizer. The concentrations of most el eme

to the higher absorption ratio in the porous structures at high processing tempggitires

The concentration of P increased from 36.1 to 590.8 mg/L in raw dairy sludge after HTC.

However, no significant increase was reported iand K concentrations idairy sludge
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digestate after carbonization-¢@lue > 0.05). A fertilizer must also laesource of secondary
andmicronutrients such as Cl, Mg, S, and Na. The concentrations of Cl ranged between 143
and 282 mg/L, whereas Mg and S concentrations werg/0and 21.552 mg/L, respectively.
Moreover, the micronutrient Fe was detected at concentrations -o8A.2ng/L. Low

concentrations ({22 mg/L) of Zn and B were also detected.

Raw dairy sludge aqueous phase salinity, represented by EC, increased from 6 mS/cm before
HTC to 16 mS/cm after the process. A more distinct increase in EC was observed for dairy
sludge digesta (26 mS/cm). The aqueous phase had a moderately high SAR. Hence, further
investigation is required to determine the means to improve the characteristics of the aqueous
phase and confirm that all nutrients are bioavailable. In addition, the advancexerimaton

of the aqueous phase intermediates and their degradation products is essential to detect any

toxicity or microbial inhibition.

The composition and utilization of the HTC gaseprtmductswere problematic in the current
work owing to analyticalimitations. There is, therefore, a gap in the present study regarding

the potential use of HTC gaseous products.

5.3.4 Biogas production

BMP experimentatesultsareshown in Figure 4. Methane production appeared to cease after
30days HTC processingd@ 80 AC did not i mpr ovcencenttaionsc o nt r i
in the batch reactors. On the other htand, VF
the methane yield potentiawing to the inhibitory effects caused by the toxic compounds
generad d at high HTC temperatures. However, VF.
substantially to the methane yield potential. This assumption was supported by the significant
increase in COD solubilization, indicating higher degrees of sludge biodegitydaier HTC
pretreatment. These results are consistent with those obtained previously feactiasted

sludge[84,94]
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Low methane generation in raw sludge samples is attributed to the lack of easily accessible
substrates. In contrast, methane production after HTC pretreatment increased because of the
higher availability of the organics However , hydrochar generat e
met hane than that pr thansufficedt pratteatr@ehtOHighe€Cmethane a u s e
production after HTC is a clear indicator of the increased availability of the organic substrates
within the biomass, which leads to an enhanced conversion of the organics during
methanogenesis (methane produgtidine amount of methane produced is expressed in terms

of ml/gCOD (Figure 4). The theoretical methane potential results are listed in PabBMP,

was slightly higher than BMRe x ce pt at 240 AC. Hi gher theor e
Boyle's eqation does not account for the Abiodegradable organics. Moreover, notadithe

biodegradable organics present in the feedstock are consumed by the ar{88jobes
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Figure 14. Variations in (a) VFASs, (b) COD, and (c) cumulativeQirfoduction during the
BMP assayof dairy sludge
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Table22. Comparisons of the experimental BMP and theoretical BMP (Boyle's Equation).

Sample BMPexp (mL BMPth Boyle's Equation Biodegradability, Boyle's

CHa4/g COD) (mL CH4/g COD) Equation (%)
Control 15N 30 258 %9 59
180A 36N 40 378 7°7 96
210A 444 221 500N 7°2 89
240A 158N 9 546011 9 29

5.3.5. Energy balance and hydrochar utilization

To investigate whether the HTC of raw dairy sludge and digestate affeetages when
combined with AD, different valorizing apprdaes were evaluated he energy balance for all
approaches evaluated in the current work is summarized in Zablde energy employed for

HTC processing in these calculations was considerédla0 A C. Energy input
processing temperatures investigated in this work are shown in Jdabfes demonstrated in

Table 23, the total energy production obtained by HTC gosatment increased when the

produced hydrochar was utilized in ptoduction by steam gasification
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Table 23. Energy balance of all valorization approaches considered in this study.

Per kg of sludge AD (no  HTC pretreatmen HTC posttreatment  HTC posttreatmentto AD  Unit
treatment) to AD to AD (Incineration) (hydrochar steargasification)

Energy content of methane 15 4.48 1.5 15 KW h

Energy applied for HTC processing - 0.2 0.2 0.2 KW h

Energy content of hydrochar -- - 2.53 - kKW h

Energyinputfor steam gasification -- - -- 0.73 kKW h

Energy content of syngas -- -- -- 4.63 KW h

Net energy production 15 4.28 3.83 5.2 KW h
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Table24. HTC energy balance.

Temperature Energy input(kJ/kg of sludge)

Energy to heat Energy to hat dry Total energyto heat

water content sludge
180A 599 20 619
210A 714 23 737
240A 857 27 884

Steam gasification of raw dairy sludge hydr
biomass (S/B) ratio of 1.5. A high S/B ratio shifts the reaction equilibrium towaridsrAation

and promotes steam reforming of hydrocarbons. However, an S/B ratio higher than 1.5
decreased ftoncentration in the produced syngas (data not shown). This observation could be
explained by the short residence time of the thermal and hydrougadactions with the

increase in the steam flow rd&b5]. Similarly, H content decreased gradually with increased
temperatur es @&hisdecease is atribGteéll @ thA fact that the reverse reaction
during steam gasification is faster than the

similar tendency was observed during steam gasification of municipal solid[@@iste

The H content of hydrochar was sigraéintly higher than that of dairy sludge digestate at the
same temperature and for the same S/B ratio. Gas yield from steam gasification of dairy sludge
digestate was about 1.08m%kg compared to 1.543 Nitkg for hydrochar. HT@lerived
hydrochar is rich in hydrophilic functional groups. Therefore, it is dispersed easily in the water
molecules during steam gasificati¢®7]. Thus, a higher amourdf unbound H atoms is

generated during hydrochar steam gasificatmmpared toaw digestate. Additionally, higher
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concentrations of inorganic matter and metals are expected to increase the evolution of gas
composition during steam gasification. In otlherds, the increased metal content within the

produced hydrochar resulted in higher gasification reactivity and conversion efficiency.

5.4 Case Study Using Developed Sustainability Assessment FramewdrlSzeged,

Hungary

A comparison between two technological scenarios for dairy sludge management were
evaluated in thisection Both scenarios were contemplated to achieve (or approach) energy
self-sufficiency. Therefore, heat integration and internal consumptieteofricity were taken

into account. The description of these scenarios is given herein.

1 Standalone AD scenario: This scenario consisting in biogas production to generate

electricity through a steam engine.

1 HTC and AD integration: This combined methoadsisting the treatment of dairy
sludge in HTC reactor to produce hydrochar used in bioenergy production through
electric turbine. The electric energy is considered the main product in this scenario,

and the thermal energy recovered from the steam is @edids suiproduct.

In the first scenario, digestate stream containing undigested materials leheeAD stage

with a small portion retained in the AD digester to keep the process alive. The remains go
through belt filter to separate the water confemin the solid. AD digestate is then utilized in
agriculture as fertilizers and the waste activated sludge is dried and stored as a solid fuel. The
solid fuel is then combusted irseeanturbine to produce electricity. Heat from the exhaust gas

is recoveed and used in the continuous heatofgthe AD digester to ensummesophilic
conditions.In the second scenario, the activated sludge is processediiC reactor before
dewatering. Due to the high water content in the AD digedtades isno need for additional

mixing prior to HTC treatment. After that, the solid product is separated from the liquid phase
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by drying it in a Fledry rotary dryer. The acceptable moisture content must not exceed 8%

before the electricity generation stage.

Biogas generation potential was céddted theoretically in this sectiofhe theoretical methods
implied in this study are based on the elemental composition of the dairy influent. The
functional unit (FU) was the treatment and disposa ®80 tons of day effluent per year.

Based on the aforementioned facts, the potential biogas production was estimated to be 2523

Nm3per year.

Biogas can be converted into mechanical epdtgough internal combustion engines
However, biogas is a slow burning fuel which require engines with higher compression ratio
than the conventional ones. After the spark plug ignites the compressed air and biogas mixture,
the burning biogas and air mixture heats rapitlg,expansioforces the piston down to create

a torque sufficient to rotate the engine. Tt
spent air and fuel mixture into the heat exchanger to extract the remaining heat €hergy.
generator produces the electrical puit from the mechanical energy rotating the iron core
wrapped in copper wire inside a magnet to create an electrical current. Based on our
calculations, a wastewater treatment plant designed to handle 180 tons of dairy effluent per year
is eligible to prodce up to 4000 kWh in form of electricity, aB800 kWh in form of heat

Even though the energy value of biogas is lower tthennatural gas, biogas is a viable

alternative if sufficient amounts were utilized to generate electricity.

To investigate whether HTC of dairy sludge offers an advantage when combined with AD, an
energy and mass balance assessmerst be evaluatedHTC energy consumption increases
with increasing temperatures because of the high energy loss during HTC eeattligh
processing temperaturg¢8]. However, the energy production (outpytter unit weight of
hydrochar wa significantly higher than that of driedhw sludge The elergy output is

dependenbn thehydr ocharsé yield and caloric value.
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